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ABSTRACT

AMagnetotelluri_c q_n_d telluric déta were acquired in the vicinity of Moqni_ Hood
Oregph as part bf a multidisciplinary exploration program _-to evaluate the geothermal
potential of. this stratocone volcano. Elgven field components were acqui;ed_ simul-
taneously over: the frequency band.of 50.-.001 hertz. These.data consisted of V_one.ﬁve

component magnetotelluric base site, two sets of two component remote electric field

measurements and one set of remote horizontal magnetic field measurements. The

data were recorded digitally in the field and processed later using the remote electric
and magnetic signals to obtain unbiased tensor impedance and geomagnetic transfer

function (tipper) estimates.

The effects on the surface field measurements 6f the rugged topographic relief
were evalﬁated using forward simulations. A distortion removal scheme; based on a
linear relation between the topographically distqrted fields and distant reference fields
indicated that this distortion could be easily removed when a forward solution. of the
topographic model was available. This procedure, based on a three-dimensional
_integral equatioﬁ solution of Laplace’s equation, was applied to selected data. This

analysis indicated that the topographic effects were responsible for only a smail



component of the total field response observed.

These data were interpreted using oﬂe-' and two-dimensional parameterized fitting
schemes in conjunction with simple_ three-dimensional simulations. The data were
divided into five bands based on the frequency characteristic‘:s exhibited by various
transfer functions throughout the survey area. Polar diagrams for apparent resistivity,

impedance phase and the complex geomagnetic transfer functions were generated over

iv

each band. The shape and orientation of these diagrams were used to choose -

appropriate forward simulations. The models obtained from various data subsets were
combined into a composite three-dimensional quel. This model indicated that at
least two near surface conductoré probébly associated with saturated pyroclastic debris
were located under the slopes of this Cascade volcano. Tl}e'conductivities from near
surface to depfhs of 10-15 kilometers were dominated by a large resistive zohé possi-
bly related fo a Pliocene intrusive. The main component of the model consisted bf a
large conductor with a finite cross-section buried 10-15 kilometers and striking north
20 degrees west. This conductive‘ body may represent a partial melt zone in the lower

crust.
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Chapter 1

‘The Quest for a Magma Chamber

[1] Intreduction

A series of geological, geochemical and geophysical studies sponsored by the U.
ST Department of Energy;.UT S. Gedlogical Survey, U. S. Forest Service and the Ore-
.gon Depaftment of Geology and Mineral Indﬁstries wer_e‘initiated in 1977 to assess the
geothermal potential of the Mount Hood regiqn. Mount Hood was chos}eh as the site
for this multidisciplinary investigation because it is one of the largest morst,recently
active stratovolcanos in the Casﬁades which was readily _accessil.)le‘for research. Furth-
ermore, Mount Hood is located 80 kilometers from a .metropolitan center, Poftland
Oregon, which would provide a ready market for any geothermal resource discqvered.
- The presence of the chain of active volcanos, high regional heat flow, coupled with its
tectonic setting, indicate t'hat' the High Caséades of north central Oregon shduld have a
significantly lafge geothermal potential. The dominant economic factor however is
associated with the discoVery of localized near surface‘ heat sources. An ac_tive voléano
with a historic record of eruptive éctivity is a logical place to begin such an exploration

effort.

Lawrence Berkeley La.boratory under contract with the Department of Energy
was responsible foxj the electrical studies undertaken at Mount Hood. Due to the
rugged terrain which limited accessibility and the probable existence of high near sur-
face conductivities, the magnetotelluric-remote telluric sounding method was chosen
as the most practicél means to investigate this hostile environment. These data were

supplemented by controlled source electrbmagnetic soundings at several locations.



The loop soundings were used in conjunction with the high frequency magnetotelluric
impedance estimates to interpret the near surface conductivity distribution at several

locations. The results are described in detail by Goldstein, Mozley and Wilt (1982).

[II ] Regional Geologic and

Tectonic Setting

The regional tebcto’nics of northern Oregon aré intimately related to the Juari de
Fuca ridge and the associated interaction of the Juan de Fuca plate" with the North
American plate. The relative position of these plates are shownq in Figure 1.1. Ii was
magnetic anomaly data acduired in this area in fhe 1960°s that introducéd an era of
rapid evolution in the geologic sciences, resulting in the general acceptance of plate
tectonics. It is therefore ironic that the tectonics in this region are so poorly under-

stood.

The chain of High Cascad_e volcanos _éré commonly attributed to thev subduction
of the Juan de ‘_Fuca plafe under the continental rhargin of Washington and Ofegon.
Whether this subductioh is currently occurring is unclear. The absence of deep to
‘intermediate focus seismic activity and the‘ feétureless bathymetry bharacterizing the
Cascadia plain, which indicates the absence of a trénch, have convinced Some scien—
tists that subduction is not presently occurring, (Hollister, 1979). However there is
some evidence from P wave residual inversion studies in northern Oregon by
Iyer,Rite, and Green (1982) and from P wave conversion studies in Westerh Oregon
by Langston (1981), that a soUthveasterh,rdipping subduction zone exists underv'n_(')rth-
ern Oregon. Furthermbre, Geddétic e?idenée for the aseismic subduction of the Juan

de Fuca plate was presented by Ando .and Balazs (1979).
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Figure 1.1 . Tectonic structure, location of volcanos, and heat flow data for the Cas-
cade Range (after Bacon 1981; Blackwell 1978; and Blackwell, Hull,

" Bowen, and Steele 1978).



Superimposed on the volcanic activity associated with-the past of present subduc-
tion of the Juan de Fucav platé is a less obvi_ous major north-south structural change in
the crust which is located in the vicinity of Mount Hood. Evidence for this crustal
change is both geological and geophysical in nature. Andesitic volcanism dominated
all other efuptive rock types prior to 15 million years before present in the Cascades.
Since this period, the andesitic volcanism decreased relative to the volume of basaltic
lavas océurring south of Mount Hood. The volcanism which has occurred north of
Mount Hood is older and dominately andesitic. The factors associated with this transi-
tion in type and age of the volcanism which oceurs in the vicinity of Mount Hood
have been coﬁsidered by Williams, Hull, Ackermann and Beeson, (1982). The crust
beneath the central ‘Cascades in southern Wéshington and northern Oregon is
younger, thinner and made up of mafic materials. In contrast the crust in the Cas-
cades of northern Washington and California consists of older crust. A second factor,

may be the close association of the Cascades south of Mount Hood with the hot

extended crust in the Basin and Range Province.

The mosi striking geophysical evidence to support this north-south transition at
Mount Hood is the regional heat flow shown in Figure 1.1, which is adapted from
Blackwell (1978); Blackweil, Hull; Bowen and Steele (1978). An additionai indication
of this transition is found in the long range refraction seismic studies of eastern Wash-
ington and Oregon by Hill (1972). These data indicate that the crust thins from 35
kilometers in north eastern Washington to 25 kilometers under the Columbia plateau
of southern Washington, then thickens again in east central Oregon. Deep resistivity
measurements in Washington, Oregon and California; by CantWell and Orange (1965),
indicate that the crust in norihern Washington and southern Oregon is underlain by a
resistive basement which is missing in sou_thern Washington and northern Oregon.
This geological and geophysical evidence provides an incomple'te but complex picture

of the region in the vicinity of Mount‘Hbod, implying that the lateral changes in the



lower crust and upper mantle are three dimensional in character.

(11 ] Geologic and Structural

Settihg of Mount Hood_

Mount Hood is one of the major_Pleistocene cbmposite volcanos océurring mid-
way along the Cascade volcanic chain Which extends from northern Cali»fornia to Brit-
ish Columbia as shown in Figure 1.1. A geologic study by Wise (1969); was the earli-

~est work devoted to va detailed understanding of the evoluiion Qf Mount Hood. The

simplified geologic map shown in Figure 1.2 was based on the results of this study.

The volcano coﬁsists of approximately 180 cubic kilometers qf dominately andesi-
tic flows and pyroclastic debris. App;oxima‘tely ninety percent of the cone was formed
between 15,000 - 700,00'0’ years ago. This main phase of the cone bhilding era was
fqllowed by ‘a post glacial peribd which has been characterized by dacitic eruptions
from the Mount Hood crater and olivine andesite lava flows from vents on the lower
flanks of the cone. The youngest of these‘satellite vent lavas has been radiocarbon
dated at 6,900 years ago. Three principal eruptive periods of dacitic volcanism have
been recognized by LCrandéll (1980). The earliest of these periods was between 12,000
and 15,000 years ago. Pyroclastic debris and mudflows avalanched down the flanks of
the cone into glaciated valleys as dacitic domes were extruded from the sumniit. The
next periodv' of activity, betweén 1,500 and 1,800 years ago, resulted in additional
pyroclastic flows and mudflows which were restricted to the southefn and
southwestern flank of the cone. This material was derived from a dacite dome which
- was extruded within the crater. The missing south rim of the crater directed the
debris which resulted as the‘dome collapsed onto the southern slope of thé cone. The

last period of activity occurred 200 - 300 years ago, which resulted in the extrusion of
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the Crater Rock dome This dacite plug dominates the south facrng crater of Mount

Hood and is assocrated with extensive fumarolic actrvrty

-

The Mount 'Hood volcanics erupted through the upper Miocene Columbia River
basalts. These basalt flows were extruded onto a surface characterized by low relief.
- The regron near Mount Hood was subsequently subjected to stresses whrch resulted in -
the development of folds and thrust faults oriented northeast-southwest Uplrft and
volcanrsm assocrated with Plrocene mtrusrves culmrnated in the development of the

complex basement structure under Mount Hood.

Present tectonic activity has superlmposed on this complex settrng, a series of
right—lateral strrke-shp faults oriented northwest-southeast. In addition, linear features
have been interpretated as subsidence patterns which indicate block faulting associated
wvith}the development of a graben structure around Mount Hood. The older volcanics
in this vicinity have been deeply eroded and covered with recent pyroclastic debris,
which has hidden many geologic features. This complex structure and the various
means of inquiry used to unravel its intricacies are summarized by Williams, Hull,

Ackermann and Beeson (1982).

[ IV ] The Relevance of Electromagnetic

Induction Studies

Complex multistage fractionational. models of andesitic-dacitic volcanic centers
based on petrological evidence have been developed. Based on these models which
are described in detail by Hildreth (1981), a complex distribution of magma and partial
melt zones may be e)'(pected in the crust and upper mantle under a composite strato-
cone volcano. An upper limit of 8-10 kilometers for these melt zones under Mount

Hood has been provided by geothermometers discussed by White (1980). A lower



limit on the depth to a partial melt zone of 15 kilometers may be reached by a simple
. extrapolation for a heat ﬂovi{ of 2.5 HFU or a thermal gr_adient of 60 C/km in the
vicinity of Mount Hoodﬁ_.(Williams, Hull, Ackermann and Beeson 1982; Blackwell and

Steele 1979). -

TWo phase model studies of Waff (1974) indicated that tiie tiulk 'electi'ical ccnduc-
tivity of a partial melt wae vdominated by the fraction of melt and the corinectivity of
liquid paths; This would indicate that the conducti&ity was a strong functiori of tem-
perature. Experimental studies by Waff -and Weill (1975) showcd that compositional
variations at fixed temberatures within the magmatic range caused chahges in electrical
3 condut:tivity of less than an ‘or‘der of magnitude. che\jer, _thermal FVaria‘\tions‘ provid-
ing 'partial inelt 'coxiditions could 'change' the conductivities by two ‘tor four :oAr“de’rs of
 magnitude. These ctudies support the earlier ﬁndi"ngs of Waia‘nabe (1970) and
Watanabeb(l972),' which indicated that increases in conductivity by two ciders' of mag- |
nitude occurred at the time of melting under high pressure conditions. This strong
dependence‘ of electrical conductivity cn temperature' has endowed the induction
methods with the ability to detect geothermal targets in COmplexl e‘nviricnments“ where

other techniques may be unreliable. .



Chapter 2

Data Acquisition and Processing Procedures

[1] Field Operations and Equipement

The data in this study were acquired m two stages by Geonomics Inc. under con-
tract with Lawrence Berkeley Laboratory. The first phase of the program commenced
in June 1977 and resulted in the measurement of magnetotelluric data at eight loca-
tions supplememed by remote telluric measurements at an additional eleven sites.
~ The second phase of the acquisition resulted 'in“ ‘the'completion of an additional seven
magnetotelluric and thirteer_l remote tellufic measurements. The onset of inclement

weather required the premature termination of the survey in early November 1977.

The SurVey waé' designed to use the remote reference scheme introduced by
Gamble, Goubau, and Clark (1978) for obtaining uhbiased estimateél of the tensor
impedance. The géheral field procedure used to implé;hent this scheme is shown in
Figure 2.1. The details describing the system components used are shown in the block
diagram in Figure 2.2. The two component remote magnetic measureme‘nts were
acquired for the remote reference data processing procedure. The requirements on
these remote data are that fhey must be coherent with the magnetotellhric field com-
ponents measured at the base station and that they must have independent noise pro-
perties. Remote electric fields acquired éimultaneously could be used in place of the
remote magnetic measﬁrements since these data should also have independent noise
properties. -However, the electric field meésuréments were expected to provide a less
reliable reference signal than the magn_etic nieasurements because in regions character-

ized by near surface lateral changes in conductivity the electric fields may be linearly



10

*13)9W0)aUBeW DUAIIJAI € YlIm wolsAs
uonisinboe ejep olIN[[a) 9j0WAI-OLIN|[A0)auBew 3y} jo weidelp [eliojld v [°7 2InBig

€IYC1-0LL 49D

y“.




11

"Wo)SAs uonisinboe elep ay) JO MBWIYIS ¥oO|q YV 7' Indig

10))nq jong .
148 008

( cE86
Apouusy )

yoop odo}
i04161p
¥0i) 6

I senajiog 1

. : UL
{092 ysnsq pinog) amo»u. mmx v.am_ X 75400 HAHA3
T3} L., w4 Y3
19p1029s Ex:E.| jun E .
14042 M3 uoyDINpowIp L _setseijog |
jouuoyy 9 x Il 8 .
8A3|ssod pung Buiriedes ASYpI Auo-ay A3
IEYTITE Apwalay _ 11/ (L) x3
93| ssod pung s91jaubow .
: 8
. 1 ey LEITLITEY dle oc
s50d puog srowsy G ool
_ Jepusuoly g
B : 3
aav g 21 |loioinpow W 3]
indw JoA OI F 1zp . HY SI
Hoq A2l
K066 211\ Va3 | 01 e %
. 3t}
: " |ssod
woysAs | : pocd
uoijisinbao TH 09 WION | |
) ....:.cu 08 w0 o141 -nu
ouup ‘loreeod 1 | A3
I e 4o 9l yETTI] 77— 000% - 02 uio9 Iﬂ.u
v/Q A3 [ssod puog| A3 —— 43 sonndwo - ead ] -
+ soungja) — x3
‘ , 13411} , ¢l—.x3 +
v/a .l_ x3 |ssod puog| x3 . . — x3
. . THO9 uYdiou +
_mnm:: ] 2O se0d 0 1011409
- 7
ysnsq p/no9) ZH |Ssod puog]  zH *10-1'ss0d H H pIm>s ™ (CFHS)
sopiooes VEITTR) 000P-02 Y109 1043u0d 191pwneudow
yoyd Ky [ss0d puog|™ £y Jeuonipucd AW pinbs AH ‘u.coootu
jsuuoy) 9 I 1oubis 16TTu03 -
XH {ssod puog| ™ xy YH pinbg YH—




1

polarized. In the remote réference processing technique, described in detail later, two

12

independent field quantities must be measured at the remote site. Impedances cannot -

be calculated if the coherence of the two fields is unity. A strong linear field polariza-

tion implies a linear dependence and therefore results in a high coherence measure-

ment. The geologic information available indicated that the near surface conductivity
distribution could be quite complex in the vicinity of Mount Hood. Based on this

information it was deemed prudent to acquire the femote magnetic data.

Near surface inhomogeneities givé rise to rapid spatial variations and broad band
distortfons in the resulting transfer functiogs. These characteristics greatly impede
quz_mtitative interpretation of the data. In éuch an enviroﬁment, a large number of
measurements are required to provide sufficient information for a quantitative estima-
tion of the conductivity distribution. The two sets of remote‘horizo‘ntal electric field
measurements were acquired to supplement the rﬁagnetotellur_ic data, thus proving an

economic means of effectively increasing our observation density.

The electric field inputs to the differential mode preamplifiers, depictéd in Figure
2.2, were provided by ah orthogonal pair of grounded electric dipoles. The dipole
lengths were 150 meters .an.d copper-copper sulfate elet;trodcs were used to prevent
electrode polarization effects. Some measurement locations in thev survey area were
characterized by high contact impedance values and several electrodes wired in parallel
were used to reduce the source impedance. A second difficulty encountered.'on the
upper slopes of the volcanic cone were self potential voltages so large thaf the D.C.
bucking circuit was unable to cancel them. When this phenomenon occurred the

measurement dipoles were rotated to minimize the effects.

Eleven field components were émpliﬁed, filtered and monitored for data quality.
These data were then digitized and recorded on nine track magnetic tapes. The data
were acquired in five to six overlapping bands providing a total frequency coverage of

40.-0.001 hertz. The data in each band were recorded serially, thus requiring a total



record time of approximately twenty hours per site to acquire a sufficient number of

time series to estimate accurate impedance and geomagnetic transfer functions.

[II] Data Acquisition

During the initial phase of the field work the measurement locations were
confined to an eight square kilometer region on the southern slope of the volcanic
~ peak between Timberliﬁe Lodge and Trillium Lake whi;:h are shown on the geologic
map in Figure 1.2. There are two therfnal manifestatioﬁs in the region;b the first and
most evident is the fumarolé activity in the Crater Rock area located on the summit of
Mount Hood. The other thermal manifestation, Swim Warm_Springs, is located in the

~ survey area. Throughout this phase of the field work, the remote magnetic measure-

13

ment positidn‘ was relocated ‘only once to satisfy the line of sight requirements of the |

telemetry.‘

Extensive commercial development.in this region provided a great deal of elec-
tromagnetic noise associatéd with sixty hertz power lines and switching transients with
broad band frequency charactefistics. This extehsiVe cultural noise combihed with
equipment malft_mctions resulted in the acquisition of a great deal of poor quality data.
Even remote reference signal processing techniques were unable to improve the
results signiﬁcéntly at most sitesv. | Only three magnetotelluric sites and one remote tel-
luric site were used during the intérpretat,ion stage. These sites are designated as 11,
13K,, 14, and 15a in Figure 2.3. Most of the measurefnents in this area were character-

ized by a north-south polarization of the electric fields.

The next phase of field work consisted of obtaining data in four régions sur-
rounding the volcanic peak. The initial acquisition plan called for two magnetotelluric

sites and four remote telluric sites in each region. A magnetotelluric and a remote
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telluric sounding was to be made at the same location in each of the areas. Good
quality data were obtained during this phase of the project. The location of these data

sites are indicated in Figure 2.3.

The ﬁrét cluster was located approximately three miles north-east of the volcanic
peak, in the vicinity of an oliviﬁe andesite satellite vent with an es;imated age of 12-
16,000 years before present. Magnetotelluric dat;i wére acquired at sites 1 and 2, with
site 2 being the location of a previously measured remote telluric data set. Three

remote telluric sites provided additional control on the near surface conductivity varia-

tions in this area.

The next »group of measﬁrements acquired provided an east-west profile across
the Hood River. ‘This pi'oﬁle consisted of magnetotelluric sites 3 and 4 supplemented
by four remote telluric measurements. The sites on the eastern end of the profile
were locatéd in an area of rugged topographic relief. The profile was made across the
expécted fault trace delineating the eastern boundary ‘of a north-south trending graben

structure within which Mount Hood may be located. o

The third group of measurements consisted of magnetotelluric sites 5 and 6 with
thi'ee remote telluric measurements. As in the first cluster of sites, one magnetotellu-
ric site wés located at the same point as a previously recorded remote telluric measure-
ment. These data were acquired in an area south-east of Mount Hobd and east of the
- area where the initial data were collected. This region was covered with a relatively
-high density of measurements with the hope that the resulting information would del-
ineate the conductivity distribution responsible for the strong north-south polarization

of the electric fields in the area south of Mount Hood.

The last area covered in the survey was near Old Maid Flat on the western flank
. of Mount Hood. This cluster 'Qf measurements consisted of the magnetotelluric site 7
and three remote telluric sites. Due to equipment malfunctions and several inches of

snow, the survey was prematurely ended. This group of sites completed the survey
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goal of obtaining a reasonable distribution of field measurements around the volcano.

[III ] Evaluation of the Remote

Telluric Impedance Estimates

In order to increase the density of measurements and minimize time and cost

factors, remote telluric measurements were used to supplement the magnetotelluric
data. These remote electric measurements are used in conjunction with the horizontal
~ magnetic fields measured at the magnetotelluric site to calculate an impedance tensor.
This tensor estimate will be correct if the horizontal magnetic fields do not vary_'appre-
ciably between the two measurement locatiéns. The distortion of the horizontal fields
and their effects on the impedances calculated from remote telluric data are well
described using two and three dimensional models by Stodt, Hohmann, and Tihg
-(1981). Their results indicated the distortion of the horizontal magnetic fields caused
by near surface conductors could result in signiﬁcant ché.nges\ in the resulting
impedance values. This effect was most pronounced for two dimensional models; the
distortion due to the presence of a three dimensional scatterer was less but still appre-

ciable at higher frequencies.

In order to minimize the effects of these spatial variations in the horizontal mag-
‘netic ﬁelds, the remote telluric sites were located less than five kilometers from the
corresponding magnetotelluric site. The field procedures used during the survey pro-
vided six checks on this p.ossible source of error. The measurement of remote telluric
data at the same location as a magnetotelluric sounding was initially planned for each
cluster pf measurements. This check was actually implemented twice during the sur-
vey, initially ét site 1B - 2 and later at site 5 - 6A. A second check for this type of

error was made by placing the remote magnetometer at the same location as one of
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the remote electric field measurements. These sites were then processed as both a
remote telluric and magnetotelluric measurement. This dual processing procedure was
implemented at sites 2A,3A,4A and 5A. These data provided an additional four loca-

tions to check for variations in the horizontal magnetic fields.

The results of the six magnetotelluric_-remote telluric data sets are presented in
Figures 2.4 through 2.9. The apparent resistivities calculated from the off-diagonal
~components of the impedance tensors, plotted as a functiori~of the square root of
period, are showri; the vertical bars indicate a 50 percent confidence inierval based on

a Normal distribution as described by Gamble, unbau and Clark (1979).

These results were nearly the same at five of the locations. These sites were dis-
tributed throughout. the Asurvey area and consequently were subjected to a variety of
near surface conditions. The apparent resistivities at sites 2,5,2A,4A and SA are
shown in Figures 2.4, 2.5, 2.6, 2.7, and 2.8 respectively. These ﬁgilres indicate that
both apparent resistivities below 1.0 second period are coincident within the statistical
errors. They also show spatial variations in the horizontal magrietic field components
throughout the survey area in the frequency range above 1.0 hertz. The resulting high
frequency distortions in these apparent resistivities could affect their interpretation.
However, this wi)uld be a second order affect since the general frequency characteris-
tics are similar. The major limitations on the interpretation are provided by the sparse
spatial sampling and limited frequency range of the entiré data set collected at Mount

Hood.

The only dual processed field measurement which indicated a signiﬁcant amount
of distorticin due to lateral variations of the horizontal magnetic fields was at site 3A.
These data, shown in Figure 2.9, clearly show diﬁ'eretit frequency characteristics from
0.1 to 0.02 seconds. This implies that the ‘horizontal magnetic fields vary appreciably
ovei lateral dimensions as small as two kilometers. These magiletic fields measured at

si_te 3, were associated with highly polarized electric fields. The resuiting apparent
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resistivities in the principle directiens were separated by nearly four orders of magni-
tude and the tensor skew values were greater thaa 0.5. A qualitative interpretation of
the geomagnetic data in conjunction with other impedance estimates in this area indi-
cate that site 3 is located near the edge of a near surface three dimeﬁsional conduc-
tivity distribution possibly associated with a Pliocene iatrusive center. In addition,
. sites 3 and 3A are located in some of the most rugged topography in the survey area.
It is interesting to note that even in the ektremely inhomogeneous eﬂvir»onment pro-
vided by this example, the magnetie fields are appreciably distorted only at periods less

than 10. seconds.

24

The reason such small lateral changes in the horizontal magnetic fields were -

observed was probably related to the small Separations used between the magnetotellu-
ric sites and the associated remote telluric measurements. The near surface inhomo-
genei_ti'es which were encountered on this _scale.werevt:hree dimensional in nature and
therefore had characteristics similar to the TM respodse of ‘ a two dimensional
scatterer. This resulted in small herizohtal‘ magﬁetie field variations over distances less

than 5 kilometers.

[IV ] Data Processing Procedures

The five to six bands of the various electric and magnetic time series were visu-
ally edited to exclude any segments where poor correlation existed between appropri-
ate field compenents. The remaining time series were tapered and Fourier
transformed. Autopower and cross power estimates were then averaged over all the
available time series. Additional smoothing of the spectral estimates was obtained by
averaging the harmonics over constant Q windows. The first three harmonics in each

band were excluded to minimize the effects of the distortion in the spectral estimates
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caused by the tapered windows.

These various auto and cross spectral estimates were then used to calculate an
estimate ef the impedance tensor whieh provides a measure of the vconducti’vity of the
earth as a function of frequency for each measurement _location and which is indepen-
dent of source polarization. When the electric and magnetic field components are
measured in the presence of noise the'impedance tensor may be systematically dis-
torted "depending on the dlstrlbutlon of the norse in the varlous field components.
The most popular schemes for estnmatmg the 1mpedance tensor Z have been various
‘types of least squares estlmates Wthh are summarrzed by Sims,Bostick and Smlth

(1971). The least squares H ﬁeld estlmate of the 1mpedance may be written as,

[EH'] = _z,,, [HH‘]

where the 1mp11es complex conjugate, < > 1nd1cates spectral averages, and the nota-

tion is deﬁned as follows.

<E.,H,> <EH>

(EH'] = x A
<EH,> <EH,>

\. Z, — [EH’] [HH']!

Two simple cases are provided to illustrate the problem associated with 'noisy data.

¢

* First assume that only the magnetic field components H have a noise component H,,
H=H +H,

HH = |HI? = |H,+H,[|? > |H,[?

then the estimate of Z, would be biased down since Z, has autopowers of H in its
denominator. A second example of the effects of noise may be clearly seen in the

least squares E field estimate of the impedance which is given by: .



z; - [EE’] [HE]!
If in this case, one assumes that cnly the electric fields have a ncise component E,,
E-E+E,
EE" = |EI* = |E, + E > IER

-then the estrmate of Zgis btased up since the autopowers of E are in the fiumerator

of Zp.

A techmque whrch provrded an unblased 1mpedance tensor in the presence of

correlated noise was developed by Gamble, Goubau and Clark (1978) The method

utilizes an additional vector measurement of the electnc or magnetic field at a remote
location. These remote measurements must be coherent but have uncorrelated noise
characterrstrcs w1th respect to the magnetotellurrc measurements Usmg this reference

signal, an impedance may be estimated using the following equatron
[ER'] = Zg [HR'] o "
Zy = [ER’]_ [HR']™!

where R represents the remote reference signal. Since by definition the noise in all of
the above cross-spectra are uncorrelated and no autopowers are used, then as‘the sig-
nals are averaged the impedance error will tend to zero and the bias problem is elim-
inated. An additional advantage in using the remote reference scheme is that it pro-
vides an accurate estimate of the signal and noise powers. These powers may then be
used to calculate accurate error bounds for the impedance estimates. The details of
these calculations are provided in the Ph.D. dissertation by —Gamble (1978). An exam-
ple illustrates the signal estimation procedure. Assume that only the electric field E

has a noise component E,

26
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. E = E; + En
First calculate Zy as described earlier, then calculate the predicted electric field E?

using Zz and the measured H fields.

[EPE’] = ZRz [HE'] = [ER’] [HR']"! [HE']
The expectation of [E?E’] is given by the following equation,

B, EE;
* 2
EE, [E,|

(E,E] =
which is a Hermitian matrix. Due to the existence of noise on the various field com-
ponents [E’E’] is not Hermitian. However, the Hermitian component of [E?E’] may

- be estimated by the following relation.

[E,E,)? =".1/2[[E”E'] + (E°E"17) N 4 (127E"] + (E°E71)

~

Once the signal components have been estimated the noise component is easily found.

E, = E-E,

n

This procedure may be used for all field components from which the variance of the

impedance estimates may be calculated.

The remote reference scheme requires only that the .rer'no‘te signal be coherent
and have independent noise characteristics. Since two: sets of remote electric fields
were acquired as well as a remote magnetic, the magnetotelluric data could be pro-
cessed using any of these signais. To estimate the relative effect of various types of
reference signals, impedénce estimates were calculated using both electric and mag-
netic references. This comparison at five locations are shown in Figures 2.10 through

2.14. The upper plot in éach figure represents the 'apparent resistivities calculated
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from the off-diagonal elements of the impedance tensor using the remote magnetic

signals as the reference. The lower plot indicates the same information with remote
electric fields used to process the data. All five figures indicate that the apparent resis-
tivities calculated with either electric or magnetic reference signals provide comparable

impedance estimates.

When the field survey wes'planned, the choice was made to use a horizontal
magnetic field measurement as the remote reference signal. Magnetic fields were
.»chosen because they are less susceptil?le to the distorting effects of near'surface inho-
‘ m‘ogeneities than the electric ﬁelds.* This decision was made at the expense of losing
~ the additional information rega'rding the subsurface conductivity which may have been
obtained by using the remote electric signals. The results depicted in Figures 2.10
through 2.14 indicate that the increased spatial sampling provided by the substitution
of an additional remote telluric for the remote ‘magnetic measurement would have
been a wise decision. If remote electric signal processing had been incorporated into
the survey plan unbiased impedance estlmates could have been calculated along with
an additional six measurement sites. This procedure was inadvertently used in the
cluster of measurerrlents at Old Maid Flat, sites 7,7A,7B,7C.. The remote magnetome-
“ter malfunctiohed and was replaced by an additional remote telluric site.‘ These data
were processed using remote electric fields and resulted in excellent impedance esti-

mates.

(V] A CompariSon of Two Processing

Techniques for .Bias Removal

Various techniques have been developed to reduce the effects of noise:on the

" impedance estimates, using only local field measurements ( Kao and Rankin 1977;
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Jupp 1978). These techniques have the advantage of requiring no additional informa- |

tion and thus simplifying the acquisition requirements. The relative merit of these

techniques compared to the remote reference scheme has not been shown when data

are characterized by low predicted coherencies or correlated noise components. How-

ever, a comprehensive study of bias removal using data with these characteristics,

.indicated that a successful bias reduction s_cheme- would require additional information
with uncorrelated noise properties with respect to the local measurements, Goubau,

. Gamble and Clarke (1978).

An opportunity to compare dire_ctly a local field bias reduction schéme and the |

remote reference technique on the same data sets was provided by this survey. The
- data: Were initially processed by the contractor using a bias reductio‘n scheme which
required only local field measurements. This approach used multiple coherence esti-
mates to develop a system of nonlinear equations which were solved in én iterative
fashion. A detaiied description of this procedure was published by Lienert, Whitcomb,

Phillips, Reddy and Taylor (1980).

This iterative method méy be easily summarized. Initially one assumes a signal
to 'noiSe ratio (sn) for the magnetié field components and calculates thé ‘multiple
coherence functions from the auto and crosS-spectral estimates. Ultilizing the relation-
Ship' between the signal to noiSe ratio sn of the various coniponenfs and the multiple
coherence (y ;) of the i field component in terms of tﬁe j™ and k‘.,’” components,
one obtains the following nonlinear equatiohs.

sn;
1+ sm

sn; + sm
1+ sn; + smy

Yik =

Using the multiple coherence value based on the field measurements and the assumed
sn value for the magnetic field components, one solves the system of equations for

the signal to noise ratio of the electric field components. Next,k calculate the signal to
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noise estimates for the magnetic fields using the _électric field ratios previously
obtained. Adjust the various autopowers P using these estimated.signal to noise

ratios. /.

s

P i;adjusted = Pi,measured 1+ sn
. i

These adjusted autopowers are used to calculate ailh'ﬁp.dated multiplé coherence esti-
mate. This iterative procedure continues until the updated rhﬁltiple (:dherence values
equal or exceed unity. The adjustéd_ autopowers are then uséd to obtain a least
squares estimate of the ixﬁ.;)edénc.e tensor. o

Two examples are provided to compare the results using the iterative technique
with those provided by the remote referencé ﬁlethod. Tt}e _ﬁrst comparispn_is' shown
in Figure 2.15. The upper portion of 'this ﬁguré indicates the apparent resistivities cal-
éulated from the ‘oﬁ‘-di'agonal componianté of .thé impedance tensor_wrotated inio its
principle direction, uSing the iterative method. The lower portion provides the
apparent resistivities based on the same data calculated using remote electric reference
signals. Large differences in the two sets of impedance estirﬁates are quite evident,
the largest departure occurring in the spectral range above 0.1 second pei'iod. This
portion of the power spectra was characterized by a low sighal to noiée ratio. The
rapid variations as a function of period indicated in the iterative impedance estima;es
are phyéically unlikely. The iterative apparent resistivities calculated at all the sites in
this area were characterized by a great deal of spatial variability. Ii; contrast, the
impedance estimates calculated by the remote reference technique produced smoothly -
varying apbarent resistivities at ‘site' 7 which provided a high degree of spatial

- coherency with respect to the other measurements in the area.

A second example is shown in Figure 2.16. The upper plots 'indicate the apparent

resistivities calculated using the iterative scheme and the lower plots depict the results

.
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obtained using the same data with a remote signal processing. The discrepancies .

between the two sets of apparent resistivities are not as pronounced as in the Vﬁrst
example. The only significant departure in these results occur in the vicinity of 1.0
second period. This portion of the spectra was again characterized by a low signal to
noise ratiq. The smooth variations of t_hev apparent resiétivities calculated using the
remote reference teghnique, cbupled with theif high spatial coherency with other
measurement sites in the .array, provide evidence supporting the accuracy of these esti-
mates. This indicates that the iterative method fails to provide aécurate impedance

estimates when the signal to noise ratios are low.

In summary, the remote reference technique provided impedance estimates with
smoother frequency characteristics and higher spatial coherencies than the iterative
method throughout the entire data set. This improved data quality provided by the

remote reference method, proved to be an invaluable aid for interpretating these data.
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Chapter 3

Topographic Effects at Mount Hood-

[1] An Evaluation of the Topographic

Effect on Magnetotelluric Data

The Interpretational complexities associated. with magnetotelluric data may be

compounded by the distortion of the surface field measurements caused by near sur-

face inhomogeneities. The degree of this distortion depends on the relative conduc-
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tivity contrast with respect to the background media, the size, and thg shape of the -

anomalous zoné. The most obvious sburce of field distortion in a mountainous region
would be the topography. This problem was considered in detail since thg t(_)pographic
reiief in the region around Mount _Hooﬂdt ranged from 3400 meters on thg peak to as
10w as 600 meters in the surrounding valleys over lateral dimensions on the order of

téns of kilometers.

To estimate the effgcts of this type qf "geologic noise", a set of two dimensional
topographic models were calculated using a half-space resistivity of 100 Ohm-m. The
lateral dimensions were épproximately 2500 meters with a height of 375. meters.
These dimensions were appropriate to simulate the ‘eﬂ'ects on local measurements

caused by the mountains in the survey area.

The magnetotelluric response was simulated using ‘a two dimensional modeling
.program' which provided a solution to. Maxwell’s equations.through the use of the
transmission system and network analogies. The program, developed by T. Madden,

was modified and provided to the author by K ‘Vozoff. The modeling results indi-

cated that the only field component which was significantly affected by the topographic



model was the electric field directed perpendicular to the strike of the model. This
transverse magnetic (TM) mode response was compared to the direct current solution

developed by Oppliger (1982). This solution was calculated using a three dimensional

integral equation solution of Laplace’s equation. The topography was modeled by rec- -

tangular cells oriented parallel to the local terrain. Each cell provided a constant sur-
face charge distribution which simulated the ‘potential distbrtion caused by the non-
planar surface. The comparison was made by using an elongate three dimensional
structure to simulate the two dimensional model. A uniform current source was pro-

vided by placing the source electrode a large distanée, on the order of fifty model

- dimensions, from the center of the.model_. The electrode was positioned such that the

resulting current flow was perpendicular to the strike direction. _

The first model considered was a simple ridge with a twenty degree slope, which
is shown in Figure' 3.1(a). The sfeps indicate the electromagnetic model which
approximates the> topographic feature with rectangular cells. The solid smooth line
'iridicates the tangentiéll& oriented cells which prdvides' the integral equation solution to
Laplaée;s' equatiofl.' The comparison between the electro'magnetic fesponSe over a
‘band width of three decades (1.0-0.001 hertz) and the direct current solution is shown
in Figure 3.1(b). The similarity of the field responses'indicates that the magnetotellu-
ric distortion below 1.0 hertz for this ‘model may be well approXimated’ by the D.C.
soluiion. In this figure the total electric field perpendicular to strike is normalized by
the undistorted field. The field distortion is over 40 percent at some positions along
the profile. A distortion of this magnitude would have a significant effect on the

resulting apparent resistivities.

The next simulation considered was a valley with 20 degree slopes which is
shown in Figure 3.2(a). Both the electromagnetic response -from 1.0 to 0.001 hertz
and the direct current solution are presented in Figure 3.2(b). As in the previous

case, the results are similar; indicating that electromagnetic distortion below 1.0 hertz

40°
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may be well approximated by the D.C. solution.

These two models represent extreme examples of two dimensional topography
which could significantly affect the field measurements. The results indicate that the
electric fields in the frequency range considered may be approximated by the D.C.

solutions. The phase of the impedance for the TM mode was less than four degrees at

1.0 hertz. The plane Wave response for transverse electric (TE) source polarizations

(ele.ct'ric field parallel to strike) was less than ten percent in amplitude and one degree
in phase. The amp’litudé of the TM mode electric field was the only field component
which suffered a signiﬁc’an.t distortion. This was ekbected since the maximum dimen-
sion of the model (2500 meters) was leSs than the half space skin depth of approxi-
mately 5000 meters. The size of the electromaghetic scatterer with fespeét' to the skin
depth 1s related to 'thé‘re'lati;e dominance of the two mechanisms responéible for the
.induced‘ﬁelds. The following representation for the electric field (E) and the magnetic
induction. (B) as a function of a scalar potential (p) and a’ vector potential (A) is a
convenient form to visualize this bimodal natﬁre of the induced giectfomagnetic"ﬁelds.
QA |

E=- at

Vp+

B=VXxA

This dual nature of the electromagnetic fields has been investigated by various

_researchers, e.g. Berdichevskiy and Faynbérg (1972). A rigorous deVelopme‘n't of the
concept, applied to forward mode!ing, was presented by Vasseur and Weidelt (1977).
When the dimensions of thé anomalous region are sufficiently small, the primary elec-
~ tromagnetic fields are characterized by small spatial vvariatio»ns within this zone. As
these variations decrease the electrodynémic solution ‘approaches the étatic solution
and the gradient of the scalar potential becomes the dominant term representing the

secondary _ﬁelds.
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[1I ] The Evaluation of a Distortion

Removal Technique

Since the distdrtion in the frequency range below 1.0 hertz is dominately galvanic
in nature, one may assume with some confidence that the mutual 'coupling between
various inhomogeneous structures, whether they are topographic features or buried
bodies, would not be a significant factor. This would imply that the pi'operty 6f super-
position commonly associated with the solution to Laplace‘s equation could be utilized

to separate the effects of topography and buried anomalous zones. The problem of

detecting and removing the effects of near surface inhomogeneities is not new, one

approach was presented by Larson (1977). However, the removal of the ﬁeld distor-
tion due to topography has not been investigated. The idea of normalizjng the
estimated impédance ‘elements to compensate f_or the topographically induced distor-
tions was simplified since the only field component which suffered é signiﬁcant degree

of distortion was the electric field directed perpendicular to strike.

The procedure is based on the assumption that the measuréd electric field in the
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vicinity of a topographic feature may be linearly related to a reference electric field

located where no topographic distortion is present.

E"(w) = d(w) EX(w)

The distorted impedance is defined as followé,

E/ (w)

Z,(w = —-—Hy @

which is related to the undistorted impedance by the following relationship.

2 @ = L EW 1, )

dw) H,(w) d(w)



As in the models pfesgnted in Figures 3.1 and 3.2, the frequency dependent distortion
factor may be well approximated by its D.C. value when the maximum dimension of

the feature is much less than the skin depth in the media.

In order to check the validity of the assumptions used in this stripping procedure,

the first model with all dimensions increased by a factor of two and with the addition

of a buried conductor was used to test the technique. Their relative geometry is indi-

“cated in Figure 3.4(b). The distortion factor calculated using a model of the topo-
gfaphié feature alqn_e is provided in Figure 3.3. The corrected electric fields are calcu-
lated for vafious If"requencies using both the frgquency dependént and the D.C. distor-
tion factors. The results:-are shown in Figure 3.4. The solid line indicates the electﬁc
fields on the surfacé &ue only to the buried conductor. The square symbol indicates
the corrected field using the frequency dgpendent distortion factor and the tfiangulér
symbol depicts the corrected ﬁeldé utilizing thé D.C. distortion factor. The procedure
worked"well at all frequencies considered, when_ a frequency dependent complex dis-
tortion factor Wés'used.. Howevel_', the D.C. distortion factor only provided a reason-
\able correction for frequenéies below 0.1 hertz. The poor results obtained using the
AD.C. factor at 1.0 hetté is probably related to the size of the scatterer. Tﬁe skin depth

being on the same scale as the dimension of the scatterer at this frequency.

A possible pitfall, iﬁ the use of this stripping technique may be associated with
" using a homogenekous topographic feature to calculate the distortion factor. Any
anomalous conductivity'within the topographic feature would have a degrading effect
on the ,method.v The model provided in Figure 3.5(b) is the same as the previous
model with the additio.n‘ of a 200 meter thick 30 Ohm-m layer, located in the base of
the ridge. As one would expect the obser,\éations' in the vicinity of the layer intersec—
tion with the surface are greatly distorted. However, the corrected fields near the crest

of the ridge are only slightly distorted by using the distortion factor calculated from

45

the homogeneous ridge model. The complex distortion factor provides a phase '
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correction which is virtually unaﬂ'gcted by the presence of the anomalous layer.

[II] A Three Dimensional Extension "
and Application of the Stripping
Technique

,o

\
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The use of the topographic distortion factor may be extended to three dimen- .

sions. The distorted electric fields ’ar_e linearly related to the' undistorted reference
electric fields through the matrix relationship which is in general a two by two tensor

with complex elements.- -

4 D, D, Ef"‘f

E" 1Dy« D,| |E Jff-’f . : :
This may be indicated in vector notation as follows.

E" = [DIER | G.1)

The distorted impedance tensor Z is related to the measured field components in the

following way.
E" = (ZIH" | G2
H™ ~ HRY | (?;.3)
Substitute equations 3.1 and 3.3 into equation 3.2.

ERe = [DI! (Z)HRY = [Z)' HRY 6w



where

(z)) = [DI7! {Z]

The distortion marix D! is defined as follows.

. -1 A1) AQ3)
(D] AQ) AQ)
The undistorted impedance tensor Z may be easily calculaied once a forward simula-

tion of the field response due to the topographic feature has been provided.

(AWMZ, +AQ)Z,) AMZ,, +A(3)Z )|

[zl = [(A(2)Z +A@WZ,) (AQZ, + ADZ,) 3.5)

In a similar manner, field distortions due to a known near surface inhomogeneity
with dimensions on the order of or less than a skin depth, may be removed. This
however, may require the use of a linear relationship relatiqg the distorted horizontal

magnetic fields to the undistorted reference magnetic fields.

m — (Gl HRY | 3.6

Substitute equations 3.6 and 3.1 into equations 3.2 which provides equation 3.7 after

some simple algebraic manipulations.

ERY/ = [Z]" HRY 3.7

where

(z]” = [DI7! [Z] (G]

For the topographic cases where the dimensions of the features are much less then the
skin depth ,the field distortion is due to the surface charges which accumulate on the

nonuniform air-earth interface. The resulting distortion has a major effect on the



v

normally incident electric field and minimal effect on the tangential electric and hor-

izontal magnetic field components.

The models presented in Figures 3.1 and 3.2, provide extreme examples of local

topographic variations observed in the vicinity of Mount Hood. These models indicate

that the distortion factor was nearly independent of frequency and therefore -could be
approximated by the D.C. value. This approximation.greatly simplifies the forward
‘mode]ing requirements, since the D.C. solution is a scalar problem as compared to a

vector solution for the frequency dependent case.

4 The topography data, covering a thirty five square kilometer area surrounding
Mount Hood, was digitized and interpolated 6nto a forty by forty unit square grid, as
depicted in Figure 3.6. The arrowé indicate the field measurement sites and a vertical
to horizontal sca'ling‘ratio of 2:1 was used to enhance the topogr‘aph'ic. relief. This
figure represents thé modei with an exaggerated vertical scale’which was used for the
D.C. integral equation-sbluti_on. These daia are presented with the correct scales in the

contour map provided in Figure 3.7.

The resulting forward models were used td calculate thé diétortion matrix. The
diagonal components A(1) and A(4) of this matrix are shown in contour form on Fig-
ufes 3.8‘(a) and 3.8(b) respectively, the vc‘o,ntours representing positio,_ns'of equal field
distortion. The unit contour indicates regions where no distortion ‘of the impedance
tevh's'or occurs. Contour values greater than unity indicate that observed impedance
elements on these contours would be biased down. These contours usually coincide
With positions of high t_opographic relief. The contours for values less than unity
represent regions of abnormally high current density and are geqerally associated with

topographic lows. Impedance measurements on these contours would be biased up.

The off-diagonal components of the distortion matrix represeht that component
of distortion due to a lateral deflection of the primary fields. The direction of this

deflected current component is represented by the sign of the distortion element.
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pooqmphic Effects Elevation '

Contour interval -.20 Reference contour -0.0 = |178m elevation
Spatial unit - 860.7 meter -

Figure 3.7 Topographic model used to simulate the topographic distortion at Mount
Hood.
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_ Topographic Effects A (1)
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Topographic Effects A (4)

)
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Figure 3.8 The diagonal components of the distortion matrix for the Mount Hood
model. '
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Yopographic Effects A (3)
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Figure 3.9 The off-diagonal bomponents ‘of the distortion matrix for the Mount
Hood model. ' - : L



These components ‘A(3) and A(2) are provided in Figures 3.9(a) ;lnd 3.9(b) respec-
tively. For these components the zero contour indicates positions where no distortion
of the electric field is observed. For measurements within areas where these elements
" deviate significantly from zero, one could expect a resulting bias in the impedance esti-

mates.

A detailed examination of the distortion elements, presented in Figures 3.8 and
3.9, indicate that the field measurement locatiQns most affected by the topographically
induced field distortions are sites 3 and 3A. These sites are located on points of high
élevation, approximately ten kilometers east of Mount Hood. The D. C. distortion
matrix - was applied to these data and the results are shown in Figures

3.10(a), (b), (), (d).

The apparent resistivity at site 3 Was charécterized by a three decade separatioh
"~ between the diagonal impedance cqmponents.‘ This measurement was acquired on a
narrow ridge connecting two dominant topographic high points in the area. The ridge
had steeply dipping slopes, with elevation changes of 450 meters over lateral dimen-

sions of 1800 meters. The diagonal distortion elements presented in Figure 3.8 are

both near unity at this location, providing no evidence of distortion.. However, the

off-diagonal components shown in Figure 3.9 deviate from zerd by a significant
amount, ‘which indicates that current is laterally distorted in this vicinity. The effects
of the resulting corrections on the apparent resistivities are shown on Fighres 3.10(a)
and 3.10(b). These corrections which are provided for the off-diagonal elements of
the impedancé tensor, resulted in a smaller separation between the resulting apparent
resistivities calculated in the principal directions. This correction was insignificant in

comparison to the distortion caused by subsurface inhomogeneities.

The second location which was appreciably affected by the terrain was site 3A.
This measurement was acquired on a mountain peak east of Mount Hood. Both diag-

onal distortion elements in Figure 3.8 indicate that distortion occurs at this location.
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The off-diagonal elements shown in Figure 3.9 are non-zero, providing additional evi-
dence indicating a significant amount of ﬁel_d distortion in this area. The results of the
correction are shown in Figures 3.10(c) and 3.10(d). They are similar io the TM
mode response of the two dimensional‘ridge model, indicating ‘that the surface electric
fields were reduced in amplitude on the crest of the ridge. However, bothelectric
field components at site 3A were affected by the three dimensional terraih, resulting in

a corrected impedance with larger' apparent resistivities in both principal directions.

This analysis implies that the topographic features in mountainous ;‘egiOns may
significantly affect local impedance meaSurements. ’l__“hese sources of xﬁeld distortion
may be eﬁ’ectively removed by the simple stripping technique "presenfed. The.major
limitation on the method is related to the difficulties associated with obtaining the

'.solution of.' the geoeral three dimensional forward problem in elecfrodynamics. For
cases where the topography is sufficiently resistive, such that the dimensions of the
topographic features are small relative to the skin depth of the media, one may oalcu-
late the distortion factors from the solution of vLaplavce’s equation. This scalaf problem
is much more amendable to accurate solutions represeriting realistic. topographic
features than the general electromagnetic problem. . The utility of the technioue was
demonstrated by correeting the impedonce estimates calculated from data acquired in

the vicinity of extreme topographic relief.
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S | Chapter 4

~ Numerical Preliminaries Required for

the Three Dimensional Model Studies

[1] Introduction to a Hybrid

Modeling Technique

.The data acquired at Mount Hood, were characterized by three dimensional
response functions. In order to interpret this -data, it was necessary to étudy the
_ response from a suite of simple three dimensional models which would reﬂecbt ébine of
the observed characteristics. There have been several numerical techhiques deveioped

in the past few years which could have been implemented to obtain these simulations.

The finite element technique has been used to model arbitr;ary conduétivity distri-
_ butions by various researchers (Reddy, Rankin, and Phillips 1977; Pridmore 1978).
The method is quite expensive and requires a large amount of computer storage since
the entire éarth must be discretized into an element mesh. The finite difference
modeling Scheme used by Jones and Vozoff (1978) for magnetotelluric studies has the
same disadvantages as the finite element method. The third schéme which has found
extensive use in three dimensional magnetotelluric problems has been the integrai
equation method developed by Weidelt (1975) and Hohmann (1975). This technique
halq the advantage of confining the discretization zone to that portion of the model
occupied by .the anomalous conductivity structure. This technique has been imple-
mented using the assumption that the secondary current distributions induced by the
zone of anomalous conductivity are constant ovef each cell. This assumption limits

the accuracy of the method but provides a great deal of computational advantages.
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The hybrid modeling technique was introduced by Sche§n (1978). This scheme
combines the versatility and accuracy of the finite element linear shape functions with
economic parameterization of the integra_l equation method. The hybrid modeling
technique was chosenv‘ for this study because of its availability and computational
| advantages. The details of the original version of the algorithm and the initial model-

ing results were presented by Lee, Pridmore and Morrison (1981). The general three
dimensional electromagnetic scattering problem was solved in terms of the secondary
electric fields. The electric field solution was preferred over the magnetic field formu-
lation because the integral equation component of the algorithm required the electric
field values within the anomalous finite element cells. The solution in terms of the
magnetic fields would have required the calculation of the electric fields within the
“mesh via a numerical approximation of the curl operator. - This approximation would
have been difficult to accurately implement. -

The hybrid method consists of discretizing the anomalous region of the eérth and
describing the field solutions within the resulting mesh by a mathematical functionél

defined by the mininiization theorem, Pridmore (1978).

F(E,) = EJIKIE, + 2E,[SIE, @D
E, = secondary electric fields
E, = primary electric fields

= linear shape function for hexahedral elements
[K] = symmetric banded system matrix

[S] = source matrix



The variation of the functional or the derivative of the functional with respect to the

secondary electric fields equated to zero, provides a linear system of equations.

Kl E, = —[SI E,

The solution. of this system of equations provides the secondary electric fields which
numerically satisfy the vector wéve equation. This solution does not however satisfy
the correct internal boundary conditions. The finite element solution in this form
assumes the continuity of all electric field components within the' anomalous region.
The physically_deﬁned boundary conditions at an ir_lterface between diﬁ'erent conduc-
tivities results in the discodtinuity of electric ﬁelds,: which are required for the con-
, tinuity of ‘normal current. This omitted bou'ndary condition in cbnjunctioh with some
1 numerxcal problems which will be discussed later, resulted in a poor ﬁmte element
solutlon The algorlthm mmally assumed the secondary electnc ﬁelds were zero on
the mesh boundaries. The linear system was solved, provndmg the secondary ﬁelds
within the mesh. These solutions within the internal region of the mesh containing
~ anomalous conductivities were used by a set of integral equations to update these
boundary \lalues. "The proceddre was repeated until the boundary values converged to
a solution. The peor finite element solutions caused by ‘the above errors .often
resulted. in the itelative procedure either diverging or converging to the wrong solu-

tion. 5

[IL] The Modified Hybrid Algorithm

The method used to incorporate the correct boundary conditions into the finite
element formulation was based on earlier work by Kiha Lee. The scheme which is

elegant in its simplicity, may be easily described using one anomalous cell as an

61



example. This cell with conductivity o, surrounded by regions with. conductivities
oy, 0y, 03, . . ., 0¢ is shown in Figure 4.1. The x directed electric field inside the

cell E, is related to the external field E, at the cell boundary between nodes 5,6,7

and 8 by the following relation:

total _—_ total
Tq Exa = 0 Exe

which may be formulated in terms of secondary electric fields E*? and primary electric

fields E”9 at the ¢" node,
o [Es+ELY = oy B+ E2

where E£:7 = E£% This relation is a statement of the continuity of normal current on

this surface of the cell. When the continuity condition is extended to include the

entire surface, one obtains the following set of equations.

ES? = gL ES9+ 71 E29 ¢=1234
a o € ag €
a .a
ES3d = 92 ES9+ 92 _q E?9 ¢=15,6,18
a o € a ¢
a a
o a
Ep? = —2E39+ [ - 1] Ep? ¢=13,57
a o, e T, e .
a a
E;,q = -4 E;’q + 4 1 E}e’q q= 2a4a6’8
a . Oy, 4 T4 ¢
a
Ezs’q = 2 Ezs’q + R 1 Ezp,q q=3478
a o-a e a-a e
- :
ES = S ES9+ 6 1 El? ¢=125,6
a o, o a.a Ze
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Figufe 4.1 -Finite element cell with an anomalous conductivity of o, surrounded by
- .. conductivities oy, o), 73, . . ., o
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This set of simple transformations are used in each anomalous cell in the mesh.
These transformations may be combined into vector notation where E7 defines the
transpose of E and the vectors have twenty-four terms defining the lthree field com-

ponents at the eight nodes of the cell as indicated by the followihg form:

1 es8]”
E‘.IS’T = p lo.lEsel’a:;Ese’l’ 06Ezs;1; “ 0y O'ZE;;S, 0.4E;e’8, asEzse,sl
a
o o3
+ 1 - Eﬁ,l, —— Epl EIJ. ’
o, i

E —llvs[——llwi——llwl

= [AIE, + [BIE, , 4.3)
where matrix A is defined as,
ro'l /o'a : )
°3/°a : 0
°6/°a
[A] = .
°2/ O
0 0,/0,

°5/°a

. -
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and matrix B as the following.

r(clloa -1) o
(<73/ca -1) .
(06/0a -1)

[8] =
(°2/°a -1)
(04/‘3‘ -1)

(aslcxa - IL

To enforce the above constraints on the finite element solution, substitute equation

(4.3) into equation (4.1). The resulting modified functional is obtained.

F(t,) = ETIAl (K] [A] £, + 2E[[A] [K] [B] E,

+ E]IB] [K] [B] E, + 2£[TA] (S] E, + 2E/1B] [S] E, 4.4)

Take the variation of the modified functional with respect to the secondary electric

fields and equate the results to zero. This procedure provides the modified finite ele-

ment linear system.

[Al [KI [AlE, = —[Al[SIE, — [A] [K] [B]E,

- where
o, k. k. ook | [
L, o [[ T w1
A Ka1Ko *++* Kppl | by
130 B N | R .
. . L . a K K ,eeee kK ) o bi-
1°p2 - |
I I Rk O - P




When this system of equatlons are solved, the resultmg secondary electric fields will
satisfy the necessary mternal boundary conditions. The solutnons in the anomalous
cell for all normal electric field components are in terms of the external fields. These
solutions must be rescaled in order to obtain the correct total field solution in the

anomalous region by the following relationship.

'Eto,,,_l = [E3+Ep] = [A] [i«:s_+ Ep]

The total rescaled fields in each anomalous cell, provided the source term in the

volume iniegral component of the formulation.

E() = 3 f GE(r,r') Ao, (E,(r) + E,(r)) dv.

i=1 %,
whefe
Ac; = 04~ Op
o, = anomalous conducitivity in the i k cell
op = backgroqnd conductivity
v; = volume of the i cell

G ) = Green’s function

A numerical quadrature scheme was used to approximate the integration over each
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anomalous cell. This procedure was originally implemented using a fixed order qua-

drature for all integrations. This was where the second source of trouble with the
algorithm was encountered. The order of the quadrature was a dominant factor in the
over-all 'computation costs, since a major portion of the central processor time was

devoted to the calculation of the Green’s functions. A first order quadrature required



one Green’s function'compared to a third order qqadrature which required the calcula-
tion of twenty-seven Green’s functions. This cost dependence on-the order of the
‘quadrature required that a lower order be used for most models. This often resulted
in large numerical errors which decreased the convergence rates and in some cases

caused the iterative procedure to diverge.

To minimiie both the error and the computation time, the duadraturé integration
" scheme was modified such that the order was automatically adjusted to be inversely
' ‘préportional to the distance between the mesh boundary or the‘iobse'r\'/ation position
‘and the anomalous  cell being integrated. After studying the results obtained from a
small suite of models a second order quadrature was established as a minimum
o i'equifement for the integrations useq to ‘calculate the updated boundary conditions on
each iteration. ﬁTh'e' calculation of the surface fields in the vicinity of the ahomalous

zone required third order quadrature when this zone was located near the surface of

the half-space. However, first order quadraturé could be safely used '‘when the obser-

vation point was located several cell dimensions away from the scatterer. A clear cri--

teria for the adjustment of the quadrature order was not established since the order
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required for a given accuracy was a strong function of the model parameters. The

adjuétment procedure used for the models considered in this study, was straight for- -

ward but expensive. . For each general type of model at the highest frequency to be
~ considered, the order criteria was adjusted until the solutions no longer varied as the

order of quadrature increased. This criteria was then used with all similar models.

One of the most une)';pected results encountered during the modification of the
- algorithm, was that the internal boundary conditions were not required for an accurate
simulation of a resistive scatterer. In fact, the method used to enforce these condi-
tions failed completely for the case of a resistive anomaly. This. was probably related
to the different secondary field distributions in the vicinity of a resistive body as com-

pared to a conductive region. “For a conductive body, a large component of the



secondary currents is directed into or normal to the boundaries of the body. There-
fore the boundary ,conditien enforcing the continuity of the 'not'ma'l component of
current is a very important factor in accurately representing the electric ﬁeids for such
models. For the resistive models however, the dominant compohents of the secon-
dary currents are tangential to the boundaries of the anomalons.zone. The émaller
normal electric fields are probably dominated by numerical noise and hence when
these fields are scaled up by an order of magnitude through the transformation
required to enforce the internal boundary conditions, one obtains a poor solution.
This problem was resolved by simply using the modiﬁ_ed finite element equetions to
define the fields only in the ‘anor.nalous cells where the cell'conductivity ‘was greater
than the background conductivity. In anOmaleus cells where the conducti_vity is less

- than the background values, the normal linear equations were used.

{III ] Numerical Checks on the
Modified Algorithm

A Most difficult phase in working with any three dimensional electromagnetic
modeling technique is associated with the verification that the code provides an accu-
~ rate solution. In this study, three basic checks were used to evaluate the accuracy of

the program.

The first and most certain test, would be to extend a three dimensional bbody and
see if the fields measured across the center of the body approached the two dimen-
sional solution as the length of the scatterer_increased. The results from this test are
shown in Figure 4.2. The scatterer was eharacteri_zed by a strike length of 2850 meters
and a conductivity of 10 Ohm-m, buried in a .100 Ohm-m half-space. This figure

shows the electric field oriented perpendicular to strike and measured on a surface
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profile. The observation positions are denoted by the vertical arrows on the insert..
The _dashed curve indicates the two dimensional response of a bbdy with the cross sec-
tion shown. The frequency used for both modelS' was 10.: hertz. This solution was
_prov-ided by a program developed by T. Madden which solves the two dimensional
scattering problem by means of the transmission line and network analogies. The
solid éircles indicate the results obtained by the modified hybrid and the open circles
showvthe results obtained with the original version. The same numerical accuracies on
all spatial integrations were used to obtain these data. The differences between the
solutions indicated in this ﬁgure are dlie only to the missing internal boundary condi-
tion in the original version of the program. The close fit between the modified hybrid
and the two dimensibnal solution indicates that the hybrid-algorithm is now providing
. an accurate solution for _thi‘s‘elongate model. -f_The phase response for the model at 10.
hertz is provided in‘Fi‘gurle 4.2(b). Again, good vagreement between the two dimen-

sional and modified hybrid results are evident.

The next example Was for an elbngaté ‘reéistivé body with the dimensions indi-
cated on the insert in Figure 4.3. "This figure shows the ‘modified hybrid results indi-
- cated by the triangular symbols with the primary-electric ﬁeid oriented perpendicular to

st_rike. This is compared tb the tWo dimensional results indicated by the open circles
-connected by thé curved line. Sincé' this body. is resistive with respect to the back-

ground media, the internal boundary conditions are not enforced and therefore the

same finite element equations are solved on each iteration as used in the original

hybrid version. As the figure indicates thé apparent resistivities are very similar
be’tween the two and three dimensional cases. The iﬁlpedance phase curves for the
two cases are similar but differences of as. much as four degrees are evident. The
model used for this comparison was bﬁried only 50"metefs';, This Shallbwv depth of
burial may have introduced some numerical problems which were responsible for the

phase discrepancies observed in Figure 4.3. This model probably represents a "worst
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case" situation, for a resistive scatterer.

The second check availéble was to compare the results for the modified algorithm
with an independent numerical technique. The next ‘two figures show the comparison
of the modified hybrid with the integral equatidn'fo;mulation developed by Hohmann
(1975). The comparison of apparent resistivities is provided in Figure 4.4(a). The
model simulates a shallow 5 Ohm-m conductor buried 250 meters in a 100 Ohm-m
media. The solution is at 0.1 hertz with the observation position indicated by the vert-

“ical arrows.') The results from the modified hybrid program are again indicated by the
black circles. The results of the integral equation method published by Ting and
Hohmann (1981), are indicated by the open triangles. The two programs provide
similar responses with only one signiﬁcantly different apparent resistivity occu'r'rin{g at
the observation position x = 250 meters. The modified hybrid results seems to pro-
vide a trend along the profile which‘ is ian enhah:ced version of theb two dimensional
response. This is reasonable since the body has a striké l'ength'of only 2000 meters
which is equal to its depth extent. The fields along a profile over a conductor charac-
terized by a short striké length should be affected by additional surface charges :result-
ing from the lateral current distbrtiqn introduced by the ends of the three dimensiénal
body. The impedance phase response for thi_s modél is shown .in Figure 4.4(b). Thé
phase responses for bdth three”dimensional techniques are nearly coincident with the

two dimensional response.

A second comparison with the ihtegral equatibn .method provided by Hohmann
(1982) is shown in Figure 4.5. This model has the same geometry as the previous
comparison with the conductor now buried 500 meters with.a conductivity of 0.5
Ohm-m. The apparent resistivity response from the two programs are provided in Fig-
ures 4.5(a) and 4.5 (b) with two source polarizations. The smooth curve provides the

two dimensional apparent resistivities for the two source polarizations on a profile

across the body. The results from the three dimensional programs vary by over a 100
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percent over the center of the body. This discrebancy indicates that thev body is prob-
ably too large, too conductive and too near surface for either or both of the algo-
rithms. The short strike of the body would indieate that the two dimensional response
should be greatly different than the three dimensional results for an electric field
source polarization parallel to strike, as shown in Figure .4.5 (a). The source polariza-
tion with the primary electric ﬁeld perpendicular to stfike should have been less senSi-
tive to the strike length. However, sinee the strike and depth of the scatterer are
equal as in the previous model, there shouid be a signiﬁcani lateral distortion of
current due to the ends of the body. This lateral distortion would require an addi-
tional charge componedt in the anomalous region which would result in an enhanced
response ‘at the surface. _The integral equation response which is enhanced on the
external'edges of the conductor but is less than or equal to-the two dimensional
response ov_er the conductor as indicated by the diamond shaped syrhbols in Figulre

4.5(b), is therefore physically unlikely.

‘The laéf check"available was to compol_'e the numeriool ‘results with those from an
analog or tank model. This comparison .f_or a vertical dipole source-receiver with a
fixed separation is shown in Figure 4.6. The curved lines indieéie,the ;tank model
results obtained with the tank modeling system described by Frischknecht (1971).
The open circles and plus symbols indicate the results obtained by the original hybrid
version; and the square and triangular symbols represent"‘the_ results provided by the
modiﬁed hybrid program. The major change in the results was on the inphase com-
ponent. The original version provided a 100.» percent mismatch for this component.
The modified version however, provided similar results to those obtained from the
analog model for both inphase and quadrature components.

The test results shown in Figures 4.2 and 4.3 indicate that thelmodiﬁved algorithm
provides solutions which asymptote to a reasonable approximation of the two dimen-

sional solutions for conductive and resistive scatterers. The similar results between
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the integral equation and hybrid techniques presented in Figure 4.4 for a low contrast
.model, provides additional evidence that the solutions are reasonably accurate. The
discrepancies between thesé modeling methods for the high contrast model shown in
Figure 4.5, indicate care should be exercised when applying these schemes to such
-r_nodels. The simulatibns used in this study had conductivity contrasts of no more
than twenty, thereby preventing nﬁmerical inaccuracies. ‘The similar response between
the numerical and tank modeling results shown in Figure 4.6, dépicts the last bit of
_evidence supporting the accuracy _‘of the modiﬁed, alggﬁrithfn. In sgmméry, these

checks indicate thaf the modified hybrid scheme presented in this section has vproﬂvided

accurate solutions for low contrast scatterers which are buried at reasonable depths.
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Chapter 5

Data Interpreta_tipn

[1] Introduction

The interpretation of magnetotelluric data acquired in an environment where the
electrical conductivity varies only as a function of depth o (z), has been considered by
many ihvestigators over the past thirty years. bMost of these iriterpretation schemes
uiilized | the frequency response of the scalar surface | impedance
(Z=E,/H,=-E,/ H,) and may be separated into two categories. The first and most
easily implemented approach consists of fitting the frequency response of a parameter-
ized model to the measured data. This may be done by using either a trial and error
approach or an automated scheme to "minimize" the difference between the observa-
tions end the caiculated ﬁeids using a systematic search in parameter space. These
iterative techniques using various minimization criteria have been implemented by a
number of researchers, e.g. Oldenburg (1979); Jupp and Vozoff (1975). The main
advantage to this type of inversion scheme is that it requires only a forward solution
and a minimization procedure both of which are easily calculated for the one-
dimensional case. Its disadvantage is that an initial model or parameterization is
required to begin the procedure. The alternative approach is to use a direct inversion
method. These direct techniques require only the surface conductivity with no prior
assumptions made concerning the conductivity variations with depth. The methods in
this category are based on the application of a sequence of non-linear transformations
on the measured data. After the solution of a set of integral equations and the neces-

sary _transforms are implemented, the conductivity as a function of depth is obtained
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without solving the forward problel;n. The disadvantage associated with these schemes
is that the numerical implementation of the required transforms is difficult and
requires sophisticated techniques, e.g. Becher and Sharpe (1969); Weidelt (1972).
Recent innovations by Coen and Chang (1982) have to a large degree overcome this
disadvantage through the development of simplified numerical techniques which pfo-

vide a direct inverse solution.

When the conductivity varies as a function of two spatial dimensions o (y,z), the
scalar surface impedance or simple field ratios will no longer' be time invariant. This
problem was identified by Cantwell (1960). He resolved the problem by introducing
the tensor impedance which is independent of source polarization. The tensor
impedance is the transfer function which linearly relates the two component horizontal
magnetié fields  to the horizontal electric field components
(E, - Z H, + Z,H, Ey =Z2,H,+Z,H). The two resulting equations may
bé solved for the four unknowns by using two independent sets of field measurements
(i.e. electric and magnetic fields with two different source polarizations). The two sets
‘ ‘of field measurements provide four independent equations, the solution of which
yields the four complex impedance elements. The tensor impedances resulting from
this type of conductivity distribution vary as a function of both frequency and observa-

tion position.

The differential equations defining the two-dimensional scattering problem may
be decomposed into two independent components, each requiring a scalar solution.
These solutions are designated as the transverse electric mode (E, H, H,) and the
transverse magnetic mode (Ey, E,, H ). The four element impedance tensor for the
two-dimensional case, reduces to two nbn—zero off-diagonal elements when the meas-
urement coordinates are rotated parallel to strike. These oﬂ'-diagonal elements are
equal and of opposite sign in a one-dimensional environment. In .an interpretation

scheme based on an incomplete data set both modes should be used to understand the
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conductivity variations. The impedance element (z,, = E,/H,) associated with the
transverse magnetic (TM) mode is very senéitive to near surface lateral changes in
conductivity and relatively insensitive to conductivity variations occurring at great
depth. In contrast, the impedance element (z,,=E,/H) corresponding to the
transverse electric (TE) mode is less responsive to lateral surface contrasts than the
™ mode‘ and is characterized by a strong response to deep conductors. The vertical
magnetic ﬁeld is an additional surface measurement parameter associated with th;: TE
mode which has only a secondary component within the .frequengy range considered in
this study. The vertical and :horizontal ﬁelds_ are assumed to satisfy a linear relation-
ship (H, =T, Hx + T,H,). These geomagnetic transfer functions or "tippers" pro-
i'ide a measure,of the field response which is independent of the source field polariza-
tion and reduces to one complex component (Ty =H,/ Hy) for the twordiménsional
‘case. This component which varies as a function of frequency and observatioh posi-

tion is non-zero only in the vicinity of a lateral contrast in conductivity.

These various time invariant measures of the surface fields (Z,,, Z,,, T,) are

related to the anomalous current distributions caused by conductivity inhomogeneities

through five different Greens functions. Therefore the various transfer functions cal-

culated from the surface measurements may be characterized by differing sensitivities
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to an anomalous conductivity distribution. The relative resolution and sensitivity of

these parameters will be considered later.

As in the one-dimensional inversion methods, one may calculate the electromag-
netic response of a parameterized earth model. The resulting simulations may be used
to fit the observed data as a function of both frequency and position in an iterative
manner. Automated techniques for minimizing the difference between the measured
and computed fields have been implemented by Jupp and Vozoff (1977), and Weidelt
(1975). These techniques are difficult to use because the forward solutions require a

great deal of computer storage and are expensive. The rate of convergence and the



final model obtained by these schemes depend on the initial parameterization used to
begin the iterative procedure; Two-dimensional direct inversion schemes have not yet
been successfully implemented for electromagnetic scattering problems. However, as
indicated by Newton (1982) the generalization of direct techniques used for the solu-
Ation of the one-dimensional inverse problems of qnantum mechanice are under inves-
tigation. Perhaps these techniques may be adapted< in the fu_tﬁre for the two-
dimensional magnetotellnrie problem as similar schemes were in the past fer the one-

dimensional case.

Matching the simulations to the observations by trial and error is cu_rrentl_y the
most widely used technique for the interpretation of two-dimensional magnetotelluric
,dafa. A suite of simple forward models are generated. These' models ‘ere. implicitly
and on rare occasions explicitly constrained by any geological er other geophysieal data
available. The characteristics of the model responses for the variqus components'are
then compared to the field observations and model reﬁnements are made in ‘a subjec-

tive manner.

The earth unfortunately is usually characterized by a three-dimensional conduc;
tivity distribution. This complication provides four non-zero impedance elements and
two non-zero geomagnetic transfer functions. The simulation of these frequency
responses require the vector solution of Maxwell’s equations. The computational
complexity of the forward problem is more than an order of magnitude more difficult
than the two-dimensional problem. This, in conjnnction with the absence of any
direct three-dimensional inverse method has so far prevented the quantitative

interpretation of data acquired in a complex environment.
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[II] Constraints, Objectives and

Presentation Techniques

The data acquired at Mount Hood were distingﬁished by complex freqﬁency
characteristics in conjunction with rapid spatial variations of the irhpedance tensors and
.geomagnetic transfer functions. These characteristics indicated that the conduc;tivity
distribution under this Cascade volcano -wés extremely complex in nature. The com-
plex environment coupled with the sparse data set brbvided ‘an impeneirable barrier to
a quantitative interpretation. Thefe were four major constraints associaté.d with this

data set.

The first of these constraints was the finite band width of the data. The lower

end at approximately 0.001 hertz was limited by the acquisitio‘n‘ time which in turn was
dictated by cost factors. The high frequency end was set by transducer and acquisition
system limitations to épprOximately 50 hertz. The upperb limit was too low to deﬁng

the surface conductivities and the low frequency limits hindered attempts_ to estimate
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upper mantle conductivity variations. The interpretation was affected by these ﬁoorly v

* constrained extremes in the vertical conduc'tivity structure since both deep and shallow

conductors may distort significantly the various transfer functions within the frequency

" band acquired.

Another factor which greatly impeded the interpretation was the small spatial

window over which these data were acquired. The data were limited in spatial extent

to a thirty s_quafe kilometer area centered on the volcanic pe#k. This narrow window
is an important consideration in aﬁy fnterpretaﬁon scheme since lateral conductivity
variations occurring beyond the limits of the survey area méy distort the frequency
response of the magnetotelluric and geomagnetic transfer functions in the lower por-
tion of the frequency band. A second problem created by this small spatial sample is

associated with defining the geometry of deep conductors underlying the survey area.
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These conductors may provide distinctive characteristics in the lower frequency range.
However, the spatial variations of these frequency responses which indicate the lateral

extent of the conductors are truncated and thereby limit the interpretation.

An additional constraint was caused by the spatial aliasing created by the availabil-
ity of only twenty four irregularly spaced observations spread over the thirty square
kilometer area. A qualitative interpretation of these data indicated that three-
dimensional near surface _conductivity variations in this region were characterized by a
wide range of dimensions and the limited sampling prevented a detailed délineation of
these features. Thus, a qﬁantitative evaluation of the résulting field distortions caused

by these scatterers was not feasible.

The last factqr which significantly restricted the interpretation waé associated with
the low signal to noise ratio at many locations. Some eXavmple's of impe'déhce tensor
and tipper estimates Which were characterized by large statistical errors based oh data
‘acquired at sites 11,13,14 and 15A are provided in appendix A. The error bars on
 these examples indicate the 50 percent confidence interval based on a normal distribu-
tion as described by Gamble, Goubau and Clarke (1979). A significant noise com-
ponet{t in the measurements provided poorly defined transfer functions at some fre-
quencies throughout the data set. The remoté reference processing technique

described in chapter 2 greatly minimized this problem.

The objective of the research presented here was the development of a procedure
utilizing the crude interpretational tools curfently available which would provide a con-
ductivity distribution- based on a sparse data set and which would be consistent with
geological and other geophysical information. The procedure which evolved was com-
posed of two bésic components. First, one dimensional interpretation schemes were
used io estimate the péramet_ers of some near surface inhomogeneities. ‘This was fol-
lowed by fitting various dété subsets with two-dimensional simulations. The resulting

models were then combined into a composite three-dimensional_representation of the
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spatial conductivity variations. In parallel with the parameterized data fitting pro-
cedure, a sensitivity analysis was performed on the various measurement parameters
thrpugh the use of simple two- and thrce-dimensional ﬁlodels. These models pro-
vided information regarding the relative reiiability of the various parameters in the

composite model.

The pitfélls in such an approach are many. The effects on the transfer functions
caused by inductive coupling in a multiconductor environment are difficult to quantify.
In addition, near surface lateral changes in conductivity may cause broad-band distor-
tions in the various transfer functions, a problem well described in an excellent review
paper by Berdichevskiy and Dmitriev (1976). The effecté of these surface inhomo-
geneities are difficult to evaluate since the sparse'data set does not provide the neces-
sary spatial resolution to delineate these structures. This,A coupled with the narrow fre-

,quér_lcy and spatial windows which characterized the data, obscured the deﬁr_lition of
the subsurface parameters. To reduc_e the ambiguities caused by this "ill-pbséd" prob-
lem, constraints prov_ided by other geophysical methods Were ‘utilized to_ provide the

simpliest consistent model.

The general character of the data was quite complex. As noted earlier, apparent
resistivities varied by orders of magnitude over distances as small as two kilometers.
The principal direction of the irhpedance_ tensor based on the minimization of the diag-
onal elements as described in Vozoff (1972), changed as a function of both frequency
and observation position. The gebmagnetic transfer function (tipper) was biqual,
that is both components T, and T, were characterized byAamplitude peaks within two
decades in the frequency domain. The strike directions indicated by these fipper

responses were extremely variable as a function of both. position and frequency.

These strike directions seldom corresponded to the principal directions indicated by

the tensor impedances. The phase of the tipper at some locations swept through 300.

degrees over the frequency band of five decades.
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To obtain a coherent view of these sbatial variations as a function of frequency,
bz)lnd averaged tensor impedances and geomagnetic transfer functions were used to
genefate smoothed polar diagrams. The polar diagram is a simple graphical procedure,
which provides a convenient vehicle by which one can study the dependence of the
transfer functions at each frequency or band of frequencies on the orientation of the
measurement coordinates. This useful interpretétion aid was popularized by Berdi-
chevskiy (1968) and by Berdichevskiy and Smirnov (1’971). This scheme has been
used extensively to portray field results in Easterny European electrical studies and has

recently gained some popularity in the West as indicated by Thayer (197 S)i

The generation of the polar diagram is quite simple. The impedance terisor or
.geoma{gnetic transfer function at each frequency is rotated through a 360 degree coor-
dinafe system rotation. The appai‘ent resistivity is then calculated and averaged over a
number of harmonics af eacﬁ angle of rotation if smoothed diagrams are desired. This
procedure provides a graphical representation of the apparent resistivity which varies
as a function of coordinate rotation angle and frequency band at each measurement
location. These data are then scaled by a convenient amount and piotted in map form
with the diagram centered on the geographical coordinates of the observation position.
An example of -this procedure for one field observation is provided in Figure 5.1(a).
This figure describes the calculation of _the apparent resistivity in a polar form which is

consistent with common usage in literature.

Figure 5.1(b) defines the notation Afor déscribing the geomagnetic or tipper
diagrams which will be used in this study.A The evolutionary‘rodt of these diagrams is
related to an interesting observation made by Parkinson (1959). He found that the
geomagnetic transfer function estimated from data acquired near the Paciﬁc Ocean in
Australia was characterized by the curious property that it was consistently oriented
perpendicular to coast line. This observation initiated an era of inquiry which resulted

in the complex induction arrow. The variable notation associated with these induction
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IMPEDANCE ELEMENTS AND APPARENT
- RESISTIVITY
Ex=ZxxHx + ZxyHy
E —ZYXHX + ZyHy

Z,4101=2,,COS [o]+[zw Zxx]SIN[OJCOS[()]

~2,,SIN’(6]
XA X4 P[0]=.2T|Z~[9]|
9  APPARENT
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Figure 5.1(a)  Notation defining the apparent resistivity polar diagram.

COMPLEX TIPPER & INDUCTION
ARROWS : Re[IA], Im[IA]
H=TxHx+TyHy
T;[61=T,COSIO1+T, SINIOI=TIPPERI[X]
Re[IA]=Re[Ty]+Re[Ty]
Im[IA]=Im[T,]+1m(Ty]
I [Tl61]

\\*\Im[IA]

Re [Tx'[GJ ]

" Figure 5.1(b) Notation defining the complex geomagnetic transfer function (tipper)

polar dlagrams and the real and imaginary induction arrows.
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arrows reflects this evol.ution in the literature as indicated by Gregori and Lanzerotti
(1980); Jones (1981). These arrows simply portray the geometrical relationship, which
was first empirically derived from field observations and later verified by model stu-
dies, between the tipper phase at an observation position and the rel_aiive lateral posi-
tions of induced current concentrations in the earth. The real and imaginary com-
ponents of the tipper are shown in Figﬁre 5.1(b). These real and imaginary functions
are plotted in polar form or as functions of the coordinate system rotation angle and
‘are indicated by the solid and dashed circles ,respecti:w}ely; The rotation invariant meas-
ures which bisect the solid and dashed circles are the real and imaginary{ induction
~arrows. The observation posiiion is located at the point of iritérseétiOn of these real
an& imaginary induction arrows. »The utility of these afroWs are easily seen in the sim-
“ple rule whichAholds for all two-dimensional confined single-body conductors investi-
gaied in this ‘study. ’These models indicate that for ‘frequéﬁcies below the peak ampli-
tude fesponse of the tipber funcfion, the imaginary induction arrows are oriented
- toward, and _the real arrows are oriented away‘from, regions characterized by high

current concentrations.

To minimizé the confusion, all simulations and field data providéd by a variety of
programs were changed into a fofm using commoh conventions. A right-har_lded coor-
dinate system was used with x directed noi'th, y eést and z into the earth. A negative
time dependehcy, (e~/@’) provided impedance phase responses | in the second and
fourth quadrants. The phases in the second duadrant were shifted into the fourth qua-

drant for display purposes.
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[III] A Qualitative Interpretation of
the Near Surface Conductivity

Distribution

The initial step in the interpretation scheme was to unravel the near surface con-

ductivity distribution using the magnetotelluric and tipper data supple'mented by three

electromagnetrc loop soundlngs The one- -dimensional interpretation of these data are
presented by Goldstern Mozley and ert (1982). The results are only qualitative since
this region is characterrzed by a complex near surface conductrvrty drstrrbutron which
could introduce large errors in such a simplistic analysrs. However, the similarity of
the results from both methods did s.uggest that at least two near surface conductors

were located in this area.

The one-dimensional analysis was first used on the north-eastern flank of Mount

Hood. This measurement array consisted of magnetotelluric sites 1 and 2 (Figure 2.3)

and the assocrated remote telluric measurements The data in this array were charac-.

terized by srmllar principal directions and a small separatron in the apparent resrstlvrtles
calculated from the off-diagonal elements of the 1mpedance tensor. These characteris-
. tics implied that these data were only moderately drstorted by near surface mhomo-
geneities. The 1mpedance data in this cluster of sites were rotated into the same prm-
cipal direction, based on the average value at all frequencres of all srtes in the array.
This direction for the impedance (Z,,) which is associated with the ‘x directed electric
field was north 80 degrees east. ‘ |

An example of a one-dimensional inversion of the off-diagonal impedance ele-

ments measured at site 1 are shown in Figure 5.2. The parameterized inversion tech-

nique developed by Jupp and Vozoff (1975) was used to obtain these results. Both
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apparent resistivities corresponding to the off-diagonal impedance elements provided

similar conductivity variations with depth. Since the data at periods greater than 1.0
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second indicate that the one-dimensional model is not valid, the conductivity variation

below 3 kilometers was diSregarded.

A selection of one-dimensional parametric invgrsioﬁé for all sites in this array are
shown in Figure 5.3. The results are projected onto a proﬁle directed north 35 degrees
east. These results imply that there exists a very ¢onductive zone at a depth of
approximately 500 meters under site 1. The one-dimensional interpretation of the
loop sounding data acquii'ed in this vicinity indicate a conductor at approximately 700
meters depth. The profile inversions presented in this figure indicate that the conduc-

tive zone thins and becomes more resistive on the north eastern end of the profile.

The next region where the simple-one-dimensioﬁ inversions were attempted was
on the southém flank of the volcanic peak. The magnétotelluric data in this area pro-
vided poor quality impedance estimates which were characterized by large statistical
| errdr bars. The impedance estimates were a§'ailable only at periods grcater thaﬁ 0.1
second. The two loop soundings in this area however provided some control on the
near surface conductivities. These results indicate that a conductive zone of 5-20
Ohm-m exists at a depth of 300-700 meters. These interpretations are subject to a
great deal of error since the data characteristics in this vicinity imply the existence of a

two or three-dimensional conductivity distribution.

The shallow conductor indicated by_ the loop soundings and which was consistent
with the magnetotelluric data on the southern flank of Mount Hood correlated with
the water level in a drill-hole located near Timberline Lodge. This implied that the

conductor was associated with a saturated zone in the massive pyroclastic debris which
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has accumulated on the southern flank of the volcano over the past few thousand

years. The high degree of north-south polarization which. characterized the electric
fields measured in this area indicated that this shallow conductive zone was elongated

in the same direction as the pyroclastic flows.
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To verify that the distortions observed in the apparent resistivities weré due to
. ( ( v
these saturated pyroclastics, some simple three-dimensional simulations were imple-
mented using the modified hybrid modeling scheme described in Chapter 4. The stip-
pled region on Figure 5.4(a) indicates the area characterized by a north-south polariza-
tion of the electric fields as indicated by the figure-eight shaped polar diagrams of
'apparent resistivity. These polar diagrams are presented using the logarithmic scale
shown at the bottom of the figure. This was. necessary because of fhe large range in
| apparent resistivities observed. Figure 5.4(b) shows the results in plan-view of the
near surface conductor indicated in the iﬁsert. This 10 Ohm-m cohductor has a length
to width ratio of t§vo and is buried 500 meters in a 100 Ohm-m media. The data are
provided at 0.01 hertz over only oné quadrant of the model since there are two planes
of symmetry. The dashed line indicates the lateral extent of the conductor. - The
observation positions are located at the center of each ﬁolar _diagram. Thé diagrams
are linearly scaled with the apparent resistivity as indicated in the upper left corner of
the figure. These diagrams indicate that the apparent resistivities associated with the
electric field parallel to strike are only a factor of two greater than tl"ie'ap-pvarent resis-
tivities related to the electric field perpendicular to strike. This model was calculated at

0.1 hertz and 0.001 hertz. The resulting apparent resistivities for both frequencies

were similar to those at 0.01 hertz shown in Figure 5.4(b).

A second simulétion at 0.022 hertz is shown in Figure 5.5 in the same form as
the previous model. The conductor in this simulation is a 10 Ohm-m body With a
length to width ratio of three buried 1500 meters in a 100 Ohm-m material. The
difference in apparent resistivities oriented parallel and perpendicular to strike, again
vary only by a factor of two. The change in geometry and depth of burial for these
simple low contrast models provided similar results indicating that the variation of
thesé parameters may not provide the desired characteristics. Due to time and cost fac-

tors, further parametric variations were not attempted. However, the 1500 meter
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Figure 5.4(a)  Apparent resistivity polar diagrams for the field data averaged over

the frequency band of .01-.001 hertz. The stippled reglon 1nd1cates
the probable location of a near surface conductor.
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depth of burial of this model which was necessary to insure numer_ical accuracy on a
related two body model, which will be considered next, was probably a signiﬁcant fac-

tor in decreasing the difference between the orthogonal apparent resistivities.

The next approach used to simulate the field characteristics at sites 11,13,14 and
15A, shown in Figure 5.4(a), was based on a two body model.. This simulation is
shown in Figure 5.6. The shallow elongate conductor in this simulation has the same

parameters as the:model previously considered in Fi_gure 5.5. This new simulation has
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a second deep resistive body with a strike perpendicular to that of the shallow body.

The full plan-view and a cross-section are shown as inserts in this figure.” As in the
prevrous models the dashed lines- delineate the lateral dimenswns of the conductors
under the observation posntions These observation positions are again confined to
one quadrant of the model since two planes of symmetry were used. Fcr observation
points over the conductor, one can see that the ratio of the apparent resistivities asso-
ciated with the electric fields parallel to the strike of the conductor relative’to_those
using the electric field perpendicular to strike are approximately three to one. This
indicates that the existence of a resistive-structure under a three-dimensional surface
conductor can enhance the field polarization measured over this conductor. This
result mimics the observed field responses in a general way. However, the degree of
distortion of the model results shoWn by a linear scale are less by an order of magni-
tude than the field data presented on a logarithmic scale. One factor which may con-

tribute to this large difference between the magnitude of the simulations and the field

observations may be associated with the difference between the conductrvrty ‘contrasts -

used in the models and those that actually occur in the earth The model contrasts
used were small to insure numerical accuracy. The contrasts in conductivity which
may occur in this area may be greater than those used in the simulation by an order of

magnitude or more.
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The third area which was characterized by similar polar diagrams is indicated in
Figure 5.7(a) by the stippled region. The large apparent i'esistivities in this area indi-
cate the presence of a near surface resistive body. To verify thi‘s"c':Ohjecture, the simu-
lation shown in Figure 5.7(b) was calculated. The same conventiohs are used in this
figure as was used with previous models. The polar diagrams of apparent resistivities
provided by.this simulation indicate that the r.egibn is probably unlain by a resistive

structure which may extend to relatively great depths.

The last two areas were evaluated using only the distortion characteristics of the
apparent resistivity dia;grams. The sensitivity of the apparent resistivity to near surface
conductivity stru:ctures is qu‘ité evident in these models. By cdnsiderihg these models
over two decades in frequehcy, one can see that this distortion is a broad-band
phenomenon. There_forg it may be used quite effectively to interpret near surface con-
ductivity variati-ons, but may present problems When deep conductors buried under
complex surface conductivity distributions are the desired targets. This problem will

be considered in more detail in Section vy,

The second set of measurement parameters which may be uséd to analyze the

| surface conductivity are the induction arrows. The distribution of the complex tipper
functions and the associated induction arrows for the simple néar surface conductor
considered earlier are shown in Figure 5.8. The frequency used in this example is 0.1
hertz. This frequency is below the peak in the amplitude of the complex transfer
function. The phase at this frequency has shiftéd into the second quadrant which
results in the orientation of the real ahd imaginary induction arrows away and toward
the region 6f high current density respectively. This property of the induction arrows
and the relative reliability of the real and imaginary components will be considered in
Section [V]. The ability of the geomagnetic data to indicate thé relative lateral position
of current concentrations as indicated in this figure is a valuable tool in any interpreta-

tion scheme.
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The complementary case of a buried resistive body is the next example con-
- sndered The complex tlpper and mductwn arrows for the resistive model presented
earler are shown in Flgure 5.9. Again the frequency used is 0.1 hertz which is
sufficiently low that the phase response has shifted into the fourth quadrant and the
real and imaginary induction arrows are oppositely directed. The real arrows are
directed vaway from the high current density and the imaginary arrows are oriented
toward the current concentrations. An important observation provided by these
models is that the amplitude of the induction arrows decay rapidly as the observation
position moves away fronr the conductiye body. However,. this decay is relatively slow
as one moves away frorrr the resistive body. Therefore, one would expect to observe
a much broader induction arrow anomaly for large buried resistive bodies than for sur-

face conductors.

The complex tippers and associated induction arrows for the field data averaged
over the frequerrcy band of 5.0-1.0 hertz are presented in Figure 5.10. This frequency
band was chosen to | coincide with a high frequency peak in the amplitude of the
geomagnetic transfer function at several locations. The small imaginary induction
arrows indicate that the phase of the transfer function is near 0 or +180 degrees. The
three previous areas interpreted through‘ the use of the apparent resistivities are indi-
cated by regions A, B, and C. From two-dimensional model studies, it can be shown
that conductivity contrasts located in the first kilometer below the earths surface will
result in a tipper maximum occurring in this frequency band. These surface conduc-
tivity changes are delineated by the real induction arrows in this figure. The real
induction arrow at this frequency will be oriented perpendicular the conductivity con-
trasts and be drrected away from concentrations of induced currents. The earlier
interpretations are therefore supported by these results. In addrtron, there is some

indication that a resistive body resides in region D.
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Figure 5.10 The complex tipper and induction arrows for the frequency band of

5.0-1.0 hertz. The dashed circles with bisects indicate the imaginary
components and the solid circles with bisects represent the real com-
ponents. The stippled regions indicate the locations of near surface
resistive bodies and the banded zones are locations of near surface con-

ductors.
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Figure 5.11 The complex tipper and induction arrows for the frequency band of
.03-.006 hertz. The dashed circles with bisects indicate the imaginary
components and the solid circles with bisects represent the real com-
ponents. - The stippled region represents a resistive body.
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A second frequency band 0.03-0.006 hertz was chosen such that it would be

located below the 0.02 hertz low frequency tipper maximum observed at several meas-
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urement locations. Again, two-dimensional models indicate probable depths for the

lateral changes in conductivity résponsible for this tipper maximum to be on the order
of 4 to 6 kilometers. The induction arrows for the field data in this band are shown in
Figure 5.11. All survey sites indicate a i'egion of abnormally lowAcurrent density in the
south-western portion of the area.’ The stippled region presented with some artistic
flare indicates this resistive region which has sufficient depth extent to dominate the

tippers over thé-entire area in this low frequency band.

[IV ] Principal Directions Defined
by the Residual Phase

The simulations of near surface inhombgeneities ‘cbnsidered in the last section
indicated "'that the présénc_e of scatterers above a deep conductive target would create
problems for an interpreter. The resulting distortion of the surface measu;ements
would be bfoad-band in character. Their removal would depend on the availability of
a dense high quality data set which would in-turn provide detailed information as to
the parameters of the near surface conductivity distributions. This information could
then be used to simulate the response of these features and then a removal technique
such as the one introduced in Chapter 3 could be utilized to remove or at least reduce
the effects caused by this "geologic noise". The sparse nature of the data set at Mount
Hood prevented a detailed delineation of any of the surface inhomogeneities whose
effects are quite evident in the data, thereby preventing the quantitative reinoval of
these distortions. This situation initiated an investigation of the various measurement

parameters, in order to find which components of the various transfer functions would



least be affected by these near surface contrasts. A few details of this search follows

in condensed form.

A second significant questibn, concerns the effect of a finite strike on a "chéap"
two-dimensional interpreiatibn. The data at Mount .Hood provided an interesting
problem which is not unique. to this area. The impedance data in the loWer frequency
Bands had certain frequency characteristics which ‘were suggestive of a two-
dimensional response caused by a conductor buried at depth. Thev structure which
may represent the object of the quest was not expected to be two-dimensibnal, due to

the geological and geophysical constraints suggested in Chapter 1. This led into a
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small scale investigation of the various measurement parameters which are indicative

of deep conductors in two- and three-dimensions. Differences and similarities were

| noted as the strike length shrank from infinite to finite dimensions.

The third and final problem which will be touched upon in this section is the rela-
tive sensitivity of the impedance parameters to perturbations in the,geometry of sub-
surface conductors. An understanding of this sensitivity is important since it provides
a Iheasure of the resolution provided by tbhc impedance parameter. This will have
important ramifications on the joint application of impedance tensor and tipper esti-
mates in the interpretation of data acquired in a three-dimensional environment, as

will be seen in the next section.

The three problems will be considered in light of the response provided by three
simple three-dimensional models. The results will be used to justify the use of a two-

dimensional model to represent the deep conductivity variations under Mount Hood.

The investigation begins with a comparison of the two and three-dimensional
‘response of a conductor buried 15 kilometers with a 15 kilometer square cross-section.
The strike length of the three-dimensional body was 60 kilometers. The frequency
response for the two cases are shown in Figure 5.12 for the observation position over

the center of this elongate conductor. The two and three-dimensional responses are
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Figure 5.12 The frequency response of the apparent resistivity and impedance phase
calculated directly over the buried elongate conductor. The symbols in-
dicate the response from this three-dimensional conductor. The smooth
curves indicate the associated two-dimensional responses.



nearly the same for the source polarization with the primary electric field perpendicular
to strike. Both the apparent resistivity and the phase for this polarization provide only
a weak frequency response' for the model. From the earlier models considered in Sec-
tion III, one can see that the response for this source polarization is greatly affected by
near surface sc:étterers. These observations indicate that the TM mode in two dimen-
sions or the corresponding source polarization in three-dimensions provide apparent

resistivities and impedance phases which are not of great use in prospecting for deep

conductors. This is especially the case when near surface inhomogeneities are present.

Next consider the model responses for the primary electric field parallel to strike.
The two-dimensional frequency responsé provides a significant indication of the con-
ductor in the apparent ’résist'ivity and impedance phase. The absolute phase maximum
occurring in the . vicinity of 50 seconds provides a major response characteristic.
Extensive two-difnensional sensitivity studies indicated that the frequency of this peak
response may be shifted by many factors, conductivity of the conductor, depth of
“burial of the conductor, the dimensions of the conductor and condﬁctivities of the
over burden and back ground media to mention a few. This phase peak however,
does represent an important diagnostic feature in the frequency response. The three-
dimensional response for this source polarization indicated in Figure 5.12 by the tri-
angular symbols, shows a significant departure from the two-dimensional response.
The apparent resistivity at the shorter periods are quite similar for both cases. The
phase in the vicinity of the absolute xﬁa;(imum is also similar for both cases. The
main difference in the frequency resﬁonse is that the long period "over-shbot" in the
impedance phase which is a standard two-dimensional characteristic is missing in the
three-dimensional f_reqliency response. .. | |

This model shows tv(ro ‘important fea-turés of the phase. First, the three-
dimensional frequency résponse is charécterized by a maxinﬁxm in the same frequency

range and of similar amplitude as the two-dimensional‘ TE mode phase, which as
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explained above, is an important interpretation aid. The éecond important feature to
note is that the two-dimensionel over-shoot in the long period phase response is miss-
ing in the three-dimensional response. This provides a three-dimensional impedance
phase characterized by variations which are confined to a smaller frequency band than

the two-dimensional response.

The frequency range over which the conductor affects the various measurement
parameters is very important when interpreting data acquired in a media characterized
by multiconductors. The models consiglered in Section III indicated that near surface
conductivity variations may distort apparent resistivities over very wide frequency
ranges. The phase responses from these models as well as the model presented above
are characterized by relatively narrow frequency responses. This small model study
indicates that the three-dimensional impedance phases are generally characterized by
narrower range of frequency variations than the corresponding two-dimensional
model. This phase characteristic may be utilized to minimize the affects of near sur-

face inhomogeneities on an investigation of the underlying structures.

The useful impedance phase properties summarized above may be easily utilized
through an impedance normalization procedure. This impedance normalization results
in a simple phase diﬁ'ere.ncing‘scheme which is described in Figure 5.13. The phase of
the impedance defined in the first equation is calculated as a function of rotation angle

0. All phases are then shifted into the fourth quadrant.

An example of the phase as a function of period for some typical field data is

shown in the top sketch of Figure 5.13. The absolute minimum phase response as a

function rotation angle is found at the angle 0,. This phase minimum vequals 30

degrees for the period of 75 seconds. The frequency response in the fourth quadrant
of the impedance phase at the angle of rotation 8, is indicated by the dashed curve.
Next consider the phase response for another angle of rotation 8,, represented by the

solid curve. The absolute value of the phase at this rotation angle for the period of 75
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seconds is 50 degrees. The difference between the absolute phases |Ad,| =20

degrees is defined as the residual phase at the angle of rotation 6.

The residual phase may be calculafed at vafious angles of . rotation over a range of
360 degrees. These values may then be plotted in a polar diagram as indicated by the
bottom sketch in this figure. The length of the arrow in this diagram represents the
residual phase at the coordinate rotation angle of § = §;. The arc circumscribed by the
tip of this arrow, as all angles of rotation from 0 to 360 degrees are plotted, represents
the pola; diagrém Qf the fesidual phase. |

'i‘he residual phase for the model shown in Figure 5.12 may be -easily found at
the frequency of 0.02 hertz. First shift the 'phase response for the pﬁmary electric
ﬁeld perpendicular to strike (TM mode) into the fo}urth quadrant. For this observa-
tion position the imbedance phase éss;)ciated with the impedance tensor element ny
will provide the absolute minimum phase at 6, = 0 degrees. This phase component
coincides with the absolute value of the TM phase response which equals approxi-
mately 51 degrees. ‘As this impedance tensor is rotated to 6 = 9(_) degrees, the abso-
lute value of its phase becomes approximately 57 degrees. The frequency response for
the phase of this impedance element at @ = 90. degrees is equivalent to the model
response for the primary electric field parallel to strike (TE mode). The residual phase
for this model has a minimum of (0 degrees for the rotation angle § = 0, = 0 since
this was the angle a which the absolute minimum value occurred (i.e. 51-51=0). The
maximum residual phase occurs when the rotation angle 6 = 90 degrées Gi.e. 57-

51=6), which is when the electric field is oriented parallel to strike.

The residual phase polar diagrams for this three dimension conductor are pro-
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vided in Figure 5.14. The polar diagram described in the previous paragraph is located

over the center of the conductor (i.e. the upper right diagram in Figure 5.14). The
distance from the center of the polar diagram to its maximum dimension represents

the 6 degree residual phase oriented parallel to strike. These simple diagrams clearly
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shown in Figure 5.12. This new model has a section of the conductor
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in the inserts and by that portion of the plan-view shown. Since the
model has one plane of symmetry, the observation positions are

confined to the left half of the model.
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provide an accurate estimation of thé local strike for this model. To evaluate the sen-
‘sitivity of the impedance parameters on structural changes.in. the scatterer a perturba-
tion of the above model was created by removing a section from the center of the
conductor as indicated in Figure 5.15. The polar diagrams shown_in'this figure indi—
cate that the impedance phase in the form of the residual phase is fairly insensitive to
significant changes in the geometry of the conductoi_. The strikes indicated by these
diagrams are undisturbed by the structural changes even When the observation posi-
tions ‘are directly over those portions of the altered rhod’el characterized by rapid
changes in geometry. The only noticeable change in the diagrams is the decrease in
the absolute value of the res1dual phases measured over the conductor. This is rea-
sonable since the effecuve cross-section of the modified conductor has only half the

area of the original model.

The relative sensitivity of the apparent resistivity to the strike direction of the
elongate conductor is indicated. in Figure 5.16. The only characteristic which is
observed is a slight decrease in the apparent resistivity. over the conductor at all rota-
“ tion angles. This was expected since both source polarizations provide similar

. apparent resistivities as indicated in Figure 5.12.

Next ‘cbnsider | the sensitivity of the apparent resistivity to changes in the
geometry of the conductor. Figure 5.17 shows the apparent resistivity polar diagrams
for the samé model perturbation as considered earlier with the residual phase
diagrams. The apparent resistivities'at this frequency are not significantly affected by
the change in the model cross-section. This indicates that the residual phase is more
sensitive than the apparent resistii/ity to variétions in the effective cross-section of the

model at 0.02 hertz. However, neither apparent resistivity nor residual phase were
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sufficiently sensitive to detect local changes in strike caused by the change in shape of '

. the conductor.
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Figure 5.16

Apparent resistivity polat diagrams for the three-dimensional elongate

conductor described in Figure 5.12 at the frequency of 0.02 hertz. The
observation positions are confined to one quadrant since the ‘model has

two planes of symmetry.
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Figure 517 | Apparent resistivi.ty polar diagrams for a modified version of the model

presented in Figure 5.12. This new model has a section of the conduc-

tor removed as indicated by the dashed lines on the cross-sections pro-
vided in the inserts and by that portion of the plan-view shown. Since
the model has one plane of symmetry, the observatlon positions are
confined to the left half of the model.
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The relationship of the above models to the field data may be seen in the follow-
ing exarhple. Two acquisition arrays, Old Maid Flat with magnetotelluric site 7 and
Cloud Cap with magnetotelluric sites 1 and 2 provided similar transfer functions with
characteristics which indicated that these data were relatively undisterfed by near sur-
face inhomogeneities. Based on the frequency variatione of the tipper and impedance
phase responses, the transfer functions were separated into five bands. A set of
smoothed polar diagrams for all fhe field data were generated for each frequency band.
The five bands are indicated by the vertical sections numbered one through five in
Figure 5.18. The impedance parameters provided in this figure are rotated into the
principal direction defined at each frequency by the maximization of the off-diagonal

elements of the impedance tensor as described by Vozoff (1972).

The impedance phase characteristics of the field data which were interpreted as an

indication of an elongate conductor buried at 10-15 kilometers, are clearly evident in
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- this example. The phase maximum which occurs in band 4 on only one phase com-"

ponent associated with the impedance element Z,, is analogous to the absolute phase
maximum observed in the model response shown in 'Figure 5.12. At this location, the
absolute minimum phase in band 4 is approximately equal to the impedance phase
associated with the impedance element Z,, which has an average absolute value of 38
degrees. This is then the normalization value which will be subtracted from phases
calculated at all other rotation ahgles. The maximum phase response as a function of
rotation angle in band 4 coincides with the phase asseciated with ny in this figure.
The absolute value of this maximum phase is approximately 50 degrees which pro-
vides a residual phase of 12 degrees. In this example the princibal directions based on
a maximization of the eff-diagonal impedance tensor elements coir_icides with the prin-

cipal direction indicated by the direetion of the maximum residual phase in band 4.

This occurred at this measurement site because the impedance tensor was relatively -

undistorted by near surface inhomogeneities. When a significant degree of distortion
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does occur these estimates of the principal direction are no longer coincident. Some
examples of field data where this phenomenon is observed will be shown later in this

section.

If the impedanég phase response in band 4 for site 1 is causéd by a deep conduc-
tor similar to the model presented in Figure 5.12, then the resulting phase diagrams
throughout the survéy area should be characterized by a reasonably high degrée of
spatial coherency and provide an estimate of the average strike of the conductor. The
residual phase diagrams for all the field data in band 4 are provided in Figure 5.19.
These diagrams show a surprising degree of spatial coherency throughout fhe area. If
one assumes that the anoinaloué conductivity structure is centered under the volcano,
one has a situation similar to that indicated in Figure 5.14: For this case, the max-
imum dimension of the residual phase diagram is oriented parallel to strike. Under
the above assumption, this analysis indicates that the regional strike of the conductor
‘under Mount Hood is approximately north 20 degrees west. This conduc‘tor is indi-
cated .in the figure by the banded region. Also included in this ﬁgur’e as the stippled
area is the resistive struéture inferred from the apparent resistivities and induction
arrows in Section III. The residual phase diagrams in the vicinitylpf this resistive body
* south-east of the volcanic peak are characterized by a significant amount of distortion.
These diagrams, distorted as they vare, still prbVide a strong indicatioﬁ of the regional
strike. | |

Due to modeling limitatioﬁs, it was not feasible to model the phase distortions

observed in the field data south-east of Mount Hood. In order to simulate these

responses, two body three-dimensional models were required with a sufficient depth
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separation such that the phase variations caused by these bodies occur in signiﬁca‘ntly'

different frequency ranges. Due to this limitation the broad band problem of ampli-
tude distortion was considered. To understand the magnitude of the distortion due to

complex surface conductivity distributions, the simulation shown in Figure 5.20 was



Figure 5.19
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Residual phase diagrams of the field data in frequency band 4 (.03-.006
hertz) with inferred conductor at depth indicated by the banded zone
and a resistive region which extends from near surface to depths near

the conductor is indicated by the stippling.
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implemented. The conductor is a laminar shaped 10 Ohm-m body 1 kilometer thick
buried 1 kilometer below the surface. The plan-view of the structure is shown as an
insert. The observation positions are confined to the left half of the model since it has
one plane of symmefry. The apparent resistivity is shown in this figure at 0.001 hertz.
The impedance phase response which is included in appendix D has nearly returhed'to
the half space value of 45 degrees at this frequency. In conﬁast, the impedance ampli-
tudes are distorted in a broad-band fashion. The apparent resistivities and the associ-
ated princi_pal direction calculated by maximizing the off-diagonal elements _'of\ the
impedance tensor are dominated by this surface distribution even at near DC fre-

quencies.

It is not difficult to visualize the superposition of this complex surface conductor
positioned over the elongaté conductor buried at a depth of 15 kilometers. The obser-
vation positions located in the vicinity the two ninety degree bends in the conductor

would be characterized by distorted apparent resistivities and associated principal direc-
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tions of about 45 degrees at frequencies below 0.1 hertz. These distortions would |

slowly increase to those indicated in this figure at 0.001 hertz. The impedance phase
will also be aﬁ_'ected by this surface structure. | However, this phase distortion will
probably have a maximum effect above 0.1‘ hertz and will decrease to near zero at
0.001 hertz. The elongate conductor on the other hand was characterized by a small
change in apparent resistivity and a large impedance phase response at 0.02 hertz. Itis
therefore very likely that the superposition of these models would result in an
apparent resistivity and associated principal directions which are completely dominated
by the surface conductor in this region. However, this would probably not be the case
for the impedance phase. Since a significant component in the rangé' of 0.02 hertz
would be caused by the underlying conductor. This phase signature would provide an
indication of the deep conductor if the impedance estimates are not rbtated to the 45

degree angle dictated by the maximization of the off-diagonal elements of the
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impedance tensor. At this rotation angle the phase -response would be half-way
between the two principal phase responses and no indication of the conductor wﬁuld
be eVident. |

There are some examples iﬁ the field data acquired in the south-eastern regién of
the survey area that provide charécteristics which are similar to those expected from
the above composite model. ‘Figurg: 5.21 depicts the first example of this masking
effect caused by surface inhomogeneities. These data were acquired at site 3A. The
impedance phase calculated from off-diagonal impedance tensor elements rotated into
the principal directions provided by the maximization of these elements for each fre-
quency are presentcd in Figure 5.21 (é). The frequehcy response of these impedance
phases provide no variatiohs below 1.0 heriz which would indicate ’ihé ’pl_fesence of a

conductor at depth.

The sarﬁe Aphas‘e responses rotated into the . principal di_rectioﬁ of -20 degrees
(north 20 degrees west) af all frequencies is éhown in figure 5.21(b). This principal
direction is based on the average directioh of the maximum residual phase in band 4
as indicated in figure 5.19. The separation of the principal-'phases is obvious at this
coordinate rotation angle Vand is consiste_nt with the phase response provided.by a deep

conductor with the strike indicated by the principal direction.

A second example of this phenomenon is shown in Figure 5.22‘which provides
/the impedance phase responses at site 3. ‘The apparent resisti?ities at this location, cal-
éulated from the off-diagonal impedance eleménts,' were separated by four orders of
magnitude. The data processing techniques described in Chapter 2 indicated that the
horizontal magnetic ﬁelds were significantly distorted at frequ’evncies above 0.1 hertz at
this site. These observations indicate that there exists a near surface inhomogeneity
under this location which provides the distorted phasé functions shown in Figure
5.22(a). These phases vary as a function of the rotation angles calculated by .maximiz-

ing the off-diagonal impedance elements. The electric fields were highly polarized and
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Figure 5.21
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Figure 5.22
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the principal direction was controlled by this polarization throughout the measurement
band. The resulting phase values shown in this figure are scattered and appear to drift
out of the fourth quadrant: This type of phase response would not be amendable to

any kind of interpretation.

Figure 5.22(b) provides the same impedance phases rotated into the principai
direction defined by the average maximum of the residual phase in band 4.. The phase
functions in the vicinity of 0.01 hertz are significantly distorted. However, the separa-
tion of the principal phases at this frequency is still evident and an indication of the

deep conductor is again provided by using the correct rotation angle.

The model studies coupled with the high spatial coherency observed in the field
data in band 4 indicated that the residual phase would be a useful method to estimate
the averagé strike of the dominant conductors at depth. This strike was used to estab-
lish a perpendicular profile indicated by the straight line in Figure 5.23(a). The obser-
vations in this vicinity were r¢latively undistorted by surface inhomogeneities and indi-
cated principal directions similar to the rdtation angle obtained by the residual phase
throughout the frequency band acquired. These factors indicated that a reasonable
estimate of the conductivity variations in the area could be obtained by projécting
these data onto the profile and then applying a two-dimensional parameterization to
simulate the observations. The fesults of this parametric inversion is provided in Fig-

ure 5.23(b).

|

The most important parameters in this model.w'ere assbciated with the 1 Ohm-m
conductor with a 10 kilometer cross-section buried 12 kilometers. The second most
important portion of the model was the large resistive body on the south-western end
of the profile which extended from a depth of 2.5 kilqméters to 14 kilometers. The
near surface 3 Ohm-m conductor near the center of the model simulated the conduc-
tor detected under Cloud Cap (Site 1) by the high vfrequency magnetotelluric data and

“the single electroinagnetic loop sounding. The 3 Ohm-m conductor buried directly
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AVERAGED FREQS. IN THE RANGE OF .01- .001 HERTZ
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Figure 5.23(a) Polar diagrams of the field data with a profile perpéndicular to the in-
ferred strike based on the residual phase in band 4 indicated by the
straight line.
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under the projected position of Mount Hood at a depth of 4 kilometers was not a sen-
sitive parameter for the impedance response functions. However, the induction
arrows which will be considered in the next section provided a strong response from a

conductor in this vicinity at approximately this depth. '

There were two implicit constraints utilized in this model. The first was associ-
ated with the near surface. conductrvrty distribution under the Old Maid Flat array near
site 7B. A 1. 2 kilometer bore-hole in this vicinity provxded 1nformat10n which indi-
cated that the near surface material 1n thrs area was composed of impermeable rocks
characterlzed by high seismic velocmes at shallow depths The elecmcal logs from this
bore-hole match fairly well with the results obtamed from a magnetotellurrc one-
dimensional inversion of ‘the -impedance parameters at site 7B associated with the elec-
tric field oriented north 70 degrees east. These results indicate a relatively resistive

near surface zone with higher resistivities at depth

The next constraint and the most important single factor in the interpretation was
associated with initial parameterization which resulted in the large conductor at a depth
of 12, .kilometers. There are at least two basic families of models which could have
been adapted to provide low frequency response characteristics similar to those
observed in the 1rnpedance parameters measured at Mount Hood. The spatially
confined data proved to be insufficient to distrngursh between these two major
categories of possible models. The first possibility was a model based on the existence
of a large near surface lateral conductivity contrast existing outside of the survey area.
The parameters of various models investigated in this family which would provide the
necessary frequency characteristics were not considered to be reasonable for this geo-
logical environment. The second suite of candidates considered were associated with a
deep conductive anomaly under the survey area. This general model was chosen as
the appropriate starting point for the two-dimensional parameterized inversion, based

on the heat flow measurements acquired by Blackwell and Steele (1979) in the
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Cascades near Mount Hood. These data shown in Figure 5.24 indicate an anomalous
zone of heat flow confined to an area in the immediate vicinity of Mount Hood. The
sfrong thermal dependency of electrical conductivity -in conjunction with the localized
heat flow high, indicated that the most reasonable source of “the low frequency
impedance variations exhibited by the data would be associated with this ‘ther’mal ano-

maly centered on the volcano.

The model response is compared to the field data at two positions along the

profile to indicate. the quality of the fit. Since the field data were grouped on each end
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of the profile a representative site from each is sh_own. Figure 5.25(a) indicates the

match between the simulated : arid the observed dz;_t;' ai x=35 kilometers v?hich
corresponds to site 2. The solid ‘end dashed curves in‘&ieate the TE and TM model
responses respectively.j ) The. symbols in&ieéte the field data. The data at site 7B
observed at x=-8 kilometers is shown in Figure 5.25(b). This figure indicates the
quality of the fit betWeeq the field rheasurements and the simulatiens on the south-
west end of the profile. In this figire, the solid curve provides the TM _iesﬁense and
the dashed curve indicates the TE solhtion. The degree ‘ef fit for the e,ther-‘sites were
similar to the two examples shewn in these ﬁgures,. since the frequenei responses

between locations in each of the two arrays shared similar characterisfics.;

The degree of fit betWeen the observed and the calculated impedance parameters
are similar in both examples. The match is good at frequencies below 1 hertz with
one important exception. The phase for the TE mode simulations and the observa-
tions below 0.02 hertz provide different frequency responses. The differences between
these phase responses are similar to the departures observed between the two- and
three-dimensional model results provided in Fi.g'urev5.12. This would ihdicate that the
observed mismatch in the TE mode phase response may be related to the finite strike

length of the 1 Ohm-m conductor buried at a depth of approximately 12 kilometers.
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The impedance phase

Figure 5.25(b)
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[ V] Induction Arrows: A Sensitivity Study

The impedance data over the entire survey area provided a dominant low fre-
quency phase characteristic which displayed a high degree of spatial coherency. The
electrical conductivity models, which satisﬁed this regional phase response and which
were consistent with a local heat flow high, indicated that there was an elongated con-
“ductor under Mount Hood at a depth of 10-15 kilometers. A conductor at this depth
with the dlmens1ons indicated in Section IV should provide a s1gmﬁcant secondary
.vertlcal magnetlc field. The resulting tipper should have‘a phase response of 0 or +

180 degrees at a frequency of approximately 0.0023 hertz. Such a response was not

seen in the data. The problem posed by this apparent inconsistehcy between the tipper |

- and the impedance estimates required a solution before the credibility of this model

-

could be established.

The resolutien of 'thie paradox Was attenipted through the use of a suite of simple
to complex two- and three-dimensional models. These models were designed such that
their responses Woi_xld provide an indication of _ t'h'e-‘relative senéitivity of the various
\tipper pafameters, an indicatjon of the effects of strike 1engtl1_,on these parameters,

and an estimate of their sensitivity with respect to the impedance tensor estimates.

To initiate this mvestlgatxon, the s1mp11est case was cons1dered which would pro-
vide the tipper parameters whnch would be observed in the v1c1n1ty of the deep 1
Ohm-m conductor thained by the parameterized inversion of the profile data
presented at the end of Section IV. This two-dimensional model is presented in Fig-
ure 5.26(a). The TE mode impedance phase: response for this fnodel in pseudo-
section is _pfovided in Figure 5.26(b). This figure shows the dominant absolute max-
imum in the impedance phase at appreximately 0.022 hertz. The phase characteristic
- is similar to' that observed in the impedance phase estimates when with the electric

field is oriented north 20 degrees west. This maximum phase response is centered
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over the conductor and decreases slowly as the observation poSitions_are moved away
from the conductor. A strong response would be expected over a 30 to 40 kilometer

range centered on the conductor.

The tipper amplitudes associated with this structure are presented in Figure
5.26(c). The first interesting observation is that the vamplitude response along the
profile seems to complement the TE impedance ;;hase response. The amplitude of the
tippér is iero' oh 'the symmetry plane through the center of the conductor and doesn’t
reach a maximum until the obsen.'étidnkpositibn is néarly 20 kilometers from the
center of the conductor. The next point of interest is that the maximum tipper ampli-
tude on each side of the conductor occurs at about 0.0022 herfz. 'This maximum in
the tipper response is a decade below the absolute impedance phase maximum which
occurred at approximately 0.022 hertz over the.center of the conductor. This figure
indicates that the tipper amplitude maximum is spread over a very broad frequency

range in the vicinity of the conductor. For data acquired only over the conductor, the
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frequency response of the tipper amplitude would be a very insensitive parameter to

use in the estimation of the depths to the anomalous zone. -

The tipper phase response is shown in Figure 5.26(d). The phase information is
indicated by quadrant with the orientation of the associated real and imaginary induc-
tion arrows indicated by the solid aﬁd \dashed arrows respectively. The presentation
clearly indicates that the tipper phase response would prdvidé a stable frequency
characteristic as a function of position along the profile. The tipper phase has a value
of 0 or + 180 degrees at approximately 0.0025 hertz. This phasé value provides a
zero imaginary:i_nduction a;rov;' and occurs at approximately the same frequency as the
peak in the tipper amplitud.e. Th;se 0or + 180 degrée phase points however should
provide a much more reliable estimation of the depth to the conductor for observation

points near the body. This would be the case since the zero imaginary induction arrow

is confined to a much narrower range of frequencies than the broad tipper amplitude
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in this area. A limiting factor on the use of this parameter is that its reliability when
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applied to field data would be subject to the degrading effects of noise in the region -

near the conductor caused by the attenuation of the amp‘litude‘response.

The next step is to evaluate the effects of a finite strike length on the two-
dimensional characteristics indicated in the last model. The model used for this com-
parison is shown in Figure 5.27. This m(')del\cbnsists of a 5 Ohm-m body with a 15
square kilometer cross-section buried 15 .kildrneters in a 100 Ohm-m half space. This
model Was initially introduced in Figure' 512 where the impedence frequency
responses were presented. The smooth curves in "Figure 5.27 indieate the two-
dimensional amplitude and phase response calculated at the position indiceted by the
arrow on the insert. The corresponding responses for the three-dinrensionaj model
with the same _crpss-section and a strike length of 60 v~kilometers is tndreated by the
symbols. The conductivity of this model is less than the previous model considered
(Figure 5.26). This was necessary to insure an accurate numerical solutibn for the
three-dimensional model. Despite this diﬂ'erence in conductivity, the tip.per amplitude

and phase characteristics of these two-dimensional models are similar.

The cornparison of the two- and three-dimensional results in Figure 5.27 indicate
two important features. First, the tipper phase in the lower diagram appears to be
relatively insensitive to the finite strike length of this model. The difference between
the two- and three-dimensional case is only ten degrees. This small difference may
indicate a slight upward shift tn the frequency at which the phase value equals -180
degrees. However, these differences in the two phases are so small that they may be

numerical in nature.

The second point of interest is the attenuation of the tipper amplitude response at
the two lower frequencres in the three dlmensronal case. Thrs attenuatlon results in a
frequency shrft of the peak amplltude response of the tlpper to hrgher frequencies.

Thrs sensitivity of the amplitude frequency response to strrke length would lead to
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erroneous depth estimates when used for a two dimensional ainalysis. These results
indicate that if a fréquency domain match is used for a two-dimensional analysis the

tipper phase would be the "best" parameter to use. .

The spatial variations of the tipper parameters for the ébove thréeQdimensional
model are considered at 0.0044 hertz in Figure 5.28. This frequency provided the
tipper phase of approximately 170 degrees in Figure 5.27. This»bhase respdnse results
in a small imaginary induction arrow and since it is in the second quadrant the real and
imaginary .induction arrows have opposite orientations with the real component
directed away from the region of current concentration. The complex tipper diagrams
in Figu‘re‘ 5.28 indicate that the real and imaginary responses over most observation
positions share similar ratios and orientations with réspect to the region of high

current density. This implies that the tipper phase‘ is not a strong function of position.
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This characteris_tic is similar to that displayed by the phase at 0 or\v-i 180 degrees for a .

similar two-dimensional model in Figure 5.26(d). The tipper amplitude for this three-
dimensional model as indicated by the magnitude of the induction arrows is character-
i_zed by a high degree of spatial variability with the attenuation most pronounced over

the conductor.

The spatial _variations of the complex tipper response for the same mddel a-f the
frequency of 0.02 hertz is pr'es.entedbin Figure 5.29. For this ffequency, the tipper
phase was shifted into the third quédrant at the 6bservation position indicated in Fig-
ure 5.27. The resulting induction arrows have a common orientation for both real and
' imagi_nary components awéy from the region of' high qurr_ent density. ‘This portion of

the frequency response of the two-dimensional phase is characterized by an increased

dependency on frequency. The spatial distribution at 0.02 hertz of the complex tipper

components provided in Figure 5.29 indicate that the tipper phase or the ratio of real
and imaginary components is characterized by a greatér degree of spatial variability

than was observed at 0.0044 hertz. The phase variations however are not significant
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enough to change quadrants as indicated by the uniformity of the induction arrow

orientations for both components away from the region of current concentration.

' The sensitivity of the induction arrows to changes in the geometry of a conductor
are considered using the same model perturbation as utilized in Section IV for the
impedance parameters. This model with the complex tipper responses at 0.02 hertz is
.shown in Figure 5.30. The model considered is a modified versién of the model indi-
cated in Figure 5.29. This model was.altered by removing a center section of the con-
ductor. This cha;nge is indicated by the &éshed lines on the cross-section in fhe inserts
and by the outline of the conductor in plan-view in Figure 5.30. The orientation of
the induction arrows_in this figure indicate that the phase remained in the third qua-
drant. The direction of thé induction arrows at observation points remotely located
‘with res‘pect. to the altered portion. 6f the .conductor are general'ly tﬁe same as those
provided by the original quel. Those observations in the vicinity of the altered por-
tion of the rﬁo_del generally provided slighily differerﬁ orientations than t_he original
model. For o-ne obséervation positioh over the conductor desig‘_nated by the letter A in

Figures 5.29 and 5.30 the two m6dels pr?vide sigﬁiﬁcahtly different results. The’direc-
tion of the‘ induction arrows over the perturbed model at this point differ from the
direction given gt the same point over the original model by nearly 90 degrees. A
comparison of these resuits with the results presented in Section IV on Figu're'sv‘5.14-
5.17 indicates that .tt.le induction arrows are more sensitive to local changes in the

model geometry than the impedance estimates.

+

The sensitivity to structural changes in a conductor at depth indicated by the last
model, suggest that 'the tipper may also'be \;ery sensiti\}e to near surface variations in
conductivity. Tvo obtain a measure of understanding for this sensitivity and the rela-
tive depth-frequency resolution, a two body three-dimensional model was desigried.
Results from this mc;del were obtained using the modified hybrid method at two fre-

“

quencies.
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The initial model used as the reference for this study is indicated in Figure 5.31.
This simulation consists of a single 10 Ohm-m elongate'body buried 6 kilometers in a
100 Ohm-m media. The conductor dimensions are indicated in the cross-section and
plan-view on the inserts. The results are provided in the form of the complex tipper
components and associated induction arrows at 0.22 hertz As in earler models the
solid and dashed circles 1nd1cate the real and 1mag1nary components respectlvely The
results in this ﬁgure indicate that the tipper phase at th1s frequency is well into the
third quadrant and varies to a fair degree as a function of position. This is indicated
by the uniform orientation of both the teal and imaginary components away from the
current concentration and by the large imaginary component. The spat1al variability in
the phase is 1nd1cated by the varlable ratlo of real to imaginary components The
tipper amplitude response which is related to the size of the induction arrows as shown
in the ﬁgufe reaches a maximum on a profile perpendicular to strike at a distance from

the center of the body approximately equal to its width.

The next model will be similar to the above simulation with the addition of a sur-
face conductor. This two body model is shown on the inserts in Figufe 5.32. The
complex tipper responses at 0.22 hertz are provided at fewer locations than the previ-
ous model to simplify the diagram. The observation positions provided here
correspond to some of the same observation points given in Figure 5.31., The affects
of the shallow 10 Ohm-m body are very evident in the complex components
presented. Those observation points which are distant from the shallow body provide
a phase response in the third quadrant consistent with the results from only the deep
conductor. However the onentatlon of the real and 1magmary components are no
longer in the same direction. As the observation posmons are moved near the con-
ductor the phase shifts quadrants and the real and imaginary components provide radi-
cally different directions. The real component however consistently is oriented away

from the region of high current density and would provide a reasonably accurate
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presented in Figure 5.32. .

—~



AVERAGED FREQS. IN RANGE OF  0.22 WI.
15.0
Bocommeee PAEM_ S INDUCTION ARROW
: — 025 st
' r=-="" 1
12.0 : w = * !
' 1 | 10 1 |
2K.ME Q-m 10Q-m EGK” N
o ) !
) et P T -
"L - W O
|
"o —
KM
o e @ —t)
6.0 f
[}
© @ (o
| oL
3.0 i @ @ @ |
0.0 - @
3 )
-0 + </
-6.0
o ° © ® @O @
15 KMy e1KM N !
9.0 ©100wE) |, . S
1000-m 13.5KM
x Iy
100-m ia.5KM
~12.0 * 1 ! [ !
-12.0 -0 .0 ~3.0 0.0 3.0 .0 2.0 12.0 15.0

Figure 5.32

DISTANCE ( KmS.)

conductor model at

TX COMPLEX

‘The complex tipper and induction arrows for a three-dimensional two
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position for the center of the conductive zone. The imaginary component in the vicih-
ity of the shallow conductor provides an'ofientation that is a strong function of the
measurement position. At some loeations the imaginary induction arrows are oriented
toward the regions of current coneentration and at other positions are orierﬁed away or
tangential to the high current density. This model indicates that when two eonductive
bodies are present the reel induction arrow will provide a more reliable estimate of the

relative position of the conductor than the imaginary component.

To in\'lestigate the dependence on frequenéy of the complex tipper over this mul-
tibody model, the surface fields were calculated at an additional frequency Jof 0.022
hertz. The results at this frequency for the single conductor buried 6 kilometers
" (reference fno}del) is provided in Figure 5.33. These results show that the phase has
~ shifted into the second qﬁedrant and provides a uniform value near 180 degrees. This
is indicated by-‘the-u.nifofm‘and opposite orientation of the real and imaginary induc-
tion arrows with real component’ oriented away from the cuf:rent concentration. The
small imagihary lcomponen; indicates that the phase is near the 180 degree vélue and
the spatial uniformity of ‘the ratio of the real and imaginary components indicate that
the phase at this frequehcy has a weak spatial dependency. These characteristi_cs are
the same as those previously provided by ‘two-difnensional “and other three-

dimensional models.

" As in the previoﬁs set of models, e new’ model is formed by combining the con-
ductor buriedv at a depth of 6 kilometers with a shallow conductor. The results from
;his model at 0.022 hertz are shown on Figure 5.34. The model response for this fre-
duency ‘_provides a mﬁch simplier spatial distribution of inductioﬁ arrowS than observed
ai the higher frequency. The tipper phase r&nains '.in the second quadrant for all
observation positions which is consistent with the results fromvthe single deep body

~model. The amplitude and orientation of both real and imaginary components for this
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model are very similar to the response of the reference model when the observation
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presented in Figure 5.34.

The complex tipper and induction arrows for a three-dimensional single
conductor model at 0.022 hertz. The conductor in this model has the
same dimensions and conductivity as the deep conductor of the model
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positions are remote with respect to the shallow conductor. When the observations
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are made in the vicinity of the shallow body, both real and imaginary components

increase in amplitude and change orientation. Both real and imaginary induction
arrows provide a coherent picture of an average current concentration in the vicinity of

the two conductors.

Two important‘ p(i)in»ts are indicated by these results. The first is that when fre-
quency responses from multibody scatterers are evaluated, one should look for the
lowest frequency which provides a ‘pha'se value of 0 or + 180 degrees. This frequency
should be a slowly varying function of position if it is indeed the lowest 0 or + 180
degrees phaSe point. If this weak spatial dependence is observed, then one should
obtain a spatially coherent tipper phasé inﬂthé second orb fourth quadrént which would
provide a real and imaginary induction a}rows whichware oppositely briented with the
real component directed away from the region of high cur;ent density. This lowest 0
or + 180 degreé phase point corresponds to the lowest frequency maximt}m in the
tipper amp'litude response for two-dimenéional models. This however may not be true
for the three-dimensional case since the tipper amplitude is a sensitive function. of

strike length as indicated in Figure 5.27.

The second note of interest is that care must be exercised in fhe'multiconductor '

case at frequencies above the lowest 0 or + 180 degree phase point, when using the
spatial distribution of imaginary induction arrows in an interpretation scheme. The
ability of real induction arrows to provided a more reliable estimate of the location of

an anomalous region in this frequency range is clearly indicated in Figure 5.32.

The last 'multibbdy three-dimensional mbdel, considered in this section is devoted

to the case of a buried resistive body overlain by a shallow conductor. This model is
of interest in this study since the induction arrows were used in Section III to supply
supporting evidence for the existence and location of resistive bodies indicated by a

two-dimensional inversion and the spatial distribution of characteristicv distortions of



the apparent resistivities. The complex tipper response for a single buried resistor pro-
vided in Figure 5.9 was used to justify this interpretation. However, the conductivity
environment soh,th of Mount Hood was interpreted as being a near surface conductor
overlying a buried resistor (see Figures 5.4(a) and 5.6). The effects of these near sur-
face conductors on the 'complex tipper componenfs were not considered at that time.
In light of .the results from the previous models which indicated that a surféce conduc-
tor overlying a deep conductor could cause a significant amount of distortion in the
complex tipper components, the case of a buried resistor overlain by a shallow conduc-

tor should be considered.

The complex tipper components for this conductor over a resistive body are

shown in Figure 5.35. This model was initially used in Section III to provide the.

apparent resistivity diagrams provided in Figure 5.6. The tipper results considered
here are at a frequency of 0.022 hertz. This frequency is suﬁiéiently low that the
tipper phase is in the second:quadrant below the 180>degree phase value provided by
the large underlyiné resistive body. Since the large resistor provides the lowest fre-
quency response in the model, this 180 degree phase represents the last (lowest fre-
quency) 0 or + 180 degree point over the entire frequency resbonse. As in the previ-
ous models the complex compbnents in Figure 5.35 provide very uniform variations
which élearly indicate the resistive region characterized by a abnormally low current
density. The real and imaginary induction arrows are oriented in opposite directions
with the reai componént directed toward the resistive body. The distortion caused. by
the small near' surface_ conductor wbuld provlide an i‘n,duc'tion arrow;distﬁbutibrfWhich
would indicate two resistive zones, one on each side of the north-south plane of sym-
metry. The induction arrows at observatioh points rgmotely_ located with respect to
the shallow conductor provide a smalil imaginary-compbnent -indi_cating that these data

are near the 180 degree phase value provided by the deep resistor. :
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These simple two body models provide some assurance that if one chooses the
frequenct' window such that it is below the low frequency 0 or + 180 degree phase
value, then the real and 1mag1nary mductlon arrows may be relied upon to- provide the
relative lateral locatlons of both anomalously resistive and conductive regions underly-
ing small near surface conductors. At higher frequencies the real component provided
a reasonably accuratte location of the anomalous current distribution but the .imaginary
component proved to be unteliableL

The models considered here were seriously limited in their scope. One important
consnderauon in a multiconductor environment is the resolution of the complex tipper
components The above models d1d not provide sufﬁment separations in ‘depth
between bodies to provide a separation of their responses in the frequency domain.
Therefore an et'aluation of rthe’ depth resolution in these frequency domain functions
could not be itnplemented.' Perhaps numerical improvements in the future will pro-
~vide a sufficiently versatile three-dimensional modeling scheme such that a
comorehensive study of the'frequency rvesolution. of both tipper and ~impedance func-
tions'may be carried out. |

This digression' into the details of sinlple three-dimensional responses indicated
that the 1nduct10n arrows provided the expected dlagnostlc features with or w1thout
the presence of a near surface conductor when the frequenc1es were in the asymptonc
limit (i.e. below the lowest 0 or + 180 degree phase value). Th1s was consistent with
simple two- dlmensmnal model studles These results imply that if the elongated con-
ductor buned at 10- 15 kilometers were the dominant conductor at depth then a diag-
nostic phase value of 0 or + 180 degrees should exist at approximately the frequency
indicated by a tWo-dimensionél simulation. The simple one body response in Figure
5.26 indicated that this transition into the asymptotic rénge for the_ eXpected conductor

would occur in the frequency band of 0.0022-0.0033 hertz (300.-450. seconds)..
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The example of the tipper parameters in Figure 3.36 provides .no indication of a0
or = 180 degree phase value m the entire decade between 100 .and 1000 seconds.
These response functions are representative of all the ._data-at Mount Hood for periods
greater than 10 seconds. The top two diagrams provide the- tipper amplitude and
phase responses at site 1. These parameters.are provided at the rotation angles indi-
cated in the bottom diagram on this figure. The rotation‘angle is obtained by finding
that angle at each frequency which provides a maximum complex response of the
component shown in this ﬁgure in the form of amplitude. and phase. The frequency
bands over which these data were averaged to provide .the smoothed complex
dlagrams presented in Flgures 5.10 and 5.11 are indicated by the banded zones num-

bered 1 and 4 respectively.

The data at site 1 were chosen for-.this example- since the rotation angle: which
maxinlized the tipper component corresponding to. the horizontal -magnetic field per-
_pendicular to strike was nearly independent of ‘frequency. This "approximate" two-
dimensional response at this location, provided a situation where the simplified presen-
tation provided in Figure 5.36 would be easily related to model results. This lack'of
dependence on rotation angle was not nsoally found at Mount Hood. At some loca-
tions in this area the rotation angle designated by the direction of the maximum tipper
component varied by‘90 degrees over one or two decades in frequency. These rota-
tlon angle variations are clearly indicated by comparlng the complex tipper dlagrams

for data in band 1 and 4 shown in Figures 5. 10 and 5.11.

Another reason this site was used as an example is because the 0 or = 180 phase
valuesare clearly evident in two of the bands. The first is located in the high fre-
quen‘c'y portion of band 1 indicated by a 0 degree phase. The second is located
between band 3 and 4 and is designated by a -180 degree phase. These phase values
imply that there are two conductors at varying depths. A. two dimensional analysis

based on the frequency where these 0 or + 180 degree phase values occur indicate

156



157

2A
(3noIy) aUuO0 palaquinu SUOMNIS [BONIAA oY) Aq paojeudisop ale mEEwm
-Ip 1ejod JO s}os 9AY 2y} 9jeIoUS 0) pafeloAr 9ie BjEp POy dY) YoIgm
J9A0 spueq 9y] -jusuodwod U0 JZIWIUI 0) pasnbai uonejol jo
o[due (o) pue oseyd soddn (q) spmydwe Joddn (8) oY) Jo o[dwexs uy  9g¢'g ISy

R R
1

s

Z
<€

7
Z

—
s

7,
o
7

7
wilign
* *

spida |

o
Y
%

o \ \ B
4

L
L .
[
o
.
.
.

........

(a)

00000000000
222222
.....

®)
(c

077 N \\ )
- 4 n z.

i
7

\\\\
00“ ,“

(1]
1

s SITEH|

«

o

- =
L3



~

approximate depths of 0.5 kilometers and 5 kilometers for the lateral current varia-

tions responsible for these phase characteristics.

The phase response indicated in bands 4 and 5 provides a very interesting fre-

quency variation. Instead of observing the 0 or + 180 degree phase value expected
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from the interpretation based on the impedance functions, one sees a rapid frequency

response which results in a phase of approximately 90 degrees. This type of response
requires the presence of yet another conductor. Based on a projection of this fre-
quency trend one would expect the 0 degree‘ phase to occur at approximately 10,000
seconds period. Again a. simplistic two-dimensional analysis implies a depth of approx-
imately 50 kilometers for the lateral conductivity variation responsible for this

predicted frequency response.

The complex nature of this phase response may be observed in a more realistic

three-dimensional frame of reference by considering the data in these bands in the

form of the complex tipper and phase polar diagrams. These diagrams are presented
in Figure 5.37. The observation position (site 1) is located at the.center of each small
diagram. The left column of the figure displays the complex tipper responses with the
associated iﬁduetion arrovsts for each ot‘ the ﬁve bands of Figure 5.36. The right hand
column provides the tipper phase polar diagrams. Model results in this form were not
covered in this chapter for‘ttle sake of brevity, however some examples may be fourtd
in appendix D. The interesting characteristic of this form of presentation for the
phase is that the fan shaped diagram, seen in a relatively undistorted form in band 4

-of this example, opens toward the region of high current density.

The sequence of pblar diagrams shows the rapid changes in the direction of the
induction arrows which are at manifestation of the rapid variations of the tipper phase
observed in the last figure. The data were éveraged over the band indicated above
each row of diagrams. The date iri band 1 corresponds to the inferred source at a

depth of 0.5 kilometers. The polar diagrams indicate a relative position for a resistive
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region to the north-east of Site 1. This coincides with the results indicated by the

one-dimensional interpretation of the profile at Cloud Cap (Figure 5.3) and'with the
two-dimensional inversion based on the profile through the arrays at Old Maid Flat

‘and Cloud Cap drawn in Figure 5.23(b).

Band 2 provides a small real induction arrow component indicating the -90 degree
phase response which is interpreted as being the transition zone from that portion of
the spectra dominated by the near surface COnductiVity distribution to that portion.

~ controlled by a conductor located at greater depths. This transition continues into

band 3 where the real induction arrow has changed directioni with respect to the band |

1 resulting from a phase shift of 180 degrees. By band 4 the péak amplitude fesponse

for the conductivity variation at. 5 kilometers has been passed. This corresponds to
the phase response at periods greater than the =+ 180 degree phase point for this con-
ductivity variation. For this band the real and imaginary indlictioh arrows are oriented
such tha_t a resistive zone is indicated to the south-west of the Cloud Cap array. This
5 kilometer transition from conductive to res.istive structures coincides with the
inferred 3 Ohm-m /1000 Ohm-m contact in the two-dimensional results indicated in

Figure 5.23(b).

Band 5 provides a similar picture of a transition zone as observed in band 2. The
data at this frequency seem to be moving out of the frequency range dominated by the
5 kilometer conductivity variations and are entering a portion of the spectra controlled
by the lateral variatiohs at a depih in excess of 50 kilometers. The form and orienta-
tion of this diagram may indicate a more conductive region to the south or southwest.
This is very speculative since the data at periods greater than a 1000 seconds are

required to see where this trend will lead.

These data indicate that the resolution properties are such that the tipper can
resolve anomalous regions with depth separations of a decade or more (i.e. 0.5, S and

50 kilometers). The effccts of structures which lie between these resolvable features



in the frequency domain is of great importance in this data set since the inferred con-
ductor at 10-15 kilometers would be sandwiched between the S and 50 kilometer

anomalous zones.

To understand the response from the complex conductivity'structure proposed
above, a three-dimensional simulation of three cenductofs With a significant depth
separation is required. The three-dimensional requirement’ 1s important since the con-
ductor at a depth exceeding 50 kilometers may have a local east-west strike as com-
| pared to the approximate north-south strike of the impedance andmaly at 10-15 kilom-
eters depth. The eﬁects caused by two conductors with different strikes was observed
in Figures 5.32 and 5.34. These simulations provided a distorted view of the deeper

- conductor when the bodies were separated by small vertical distances.

The requirements for the above three body model exceeded the limitations of the
three-dimensional modeling method available. To circumvent this difficulty a three
body two-dimensional simulation was implemented. This model presented in Figure
5.38(a) is not directly appropriate for an interpretation of the field data. However, it
does provide some indication of the Iproblems created by the existence of three bodies
confined to a total depth separation of only a decade. The three bodies designated as
A,B and C correspond to the conductors expected at depths of 5, 12 and 50 kilometers

respectively. The response of conductor B was considered earler in Figure 5.26.

The TE phase response is provided in Figure 5.38(b) to show that the distinctive
absolute phase maximum at 0.025 hertz_whichvwas the main featﬁre in Figure 5.26(b)
is still a dominant phase characteristic in the regio.n above body B. The shape of the
absolute maximum is somewhat distorted but still would provide an indication of the
location of body B. An interesting difference between the single body and this three
body response is that the phase minimum located at frequencies below the absolute

| maximum for the one body case is no longer evident in the multibody response. The

removal of the one body "over-shoot" was caused by the presence of body C. An
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interpretétion of the structure at the depth indicated by body C was not attempted on
the two-dimensional profile inversion discussed in Section IVvsincev the conductivities
at these depths were poorly defined due to the low frequency limits of the data. A
simplier way to remove this low frequency "o_ver-shoOt" is by incorporating a finite
strike 6f the elongate conductor into the interpretation as was done in the earlier sec-
» tion.'

The tibper amplitude of this multiconductor model is presented in Figure 5.38(c).
This amplitude response as compafed to the one body case is appreciably distorted.
However, the region over body B is still characte;rized “by a very iow amplitude

response between 0.01-0.001 hertz. The effect of body C would not be detectable in

the tipper amplitude for measurements above 0.001 hertz.

Figure 5.38(d) provides the phase quadrant diagram. for this multiconductor

model. This diagram is so altered by the presence of bodiés A and C that the phase .

values of -180 degrees (designated as the dashed line separating the second and third
quadrants) is completely missing in the region to the left of the the -35 kilometer

observation position for frequencies greater than 0.001 hertz. For the remaining

observation points in the vicinity of body B, the boundaries of the phase quadrants

vary so rapidly with frequency that the 0 or + 180 degree phase point would be of
very little help to interpret a sparse data set confined to frequencies greater than 0.001

hertz.

When this rapidly varying phase combines with the greatly attenuated amplitude

in the vicinity of body B, it is not surprising that it results in very little evidence for
the existence of body B. If in addition the three-dimensionality and varying strikes are
considered, it seems quite reasonable}that the combination of shallow and deep con-
ductivity distributions have eﬁ'ecti?ely maékéd the response frofn the elongate conduc-
tbr buried at 10-15 kilometers when the ‘observation positions are confined to the

region near this body.
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[ VI] The Composite Model

?

In the last three sections various one-, two- and three-dimensional models have
been proposed to satisfy. various components of the data. Some niatch‘eé have been
made, similarities obtained and differences justified. The entire procedliré was not
lsatisfyir_ig since there existed no means by which to quantitatively evaluate the overall
“interactions betwéen yarious pieces of the story. However fqr lack of a better way,
_ these various isolated anomalous regions were combiried in a subjective rilanner and
resulted in the model presénted in Fig_ure 5.39. A short Summary of this composite

model follows with appropriate references provided to the preceding"maze' of models.

The interpretatiqn summary will begin at the surface, where the interpreted strucv-
ture is as complex as the measurement density wiil allow. The first anomalous region
and possibly the most conductive near surface ione in the area is located north-east of
Mouni Ho_od and is designated by the stippled zone labeled 3 Ohm-m. This zone was
detecfed by the :magnetotellurié one-dimensiohal inversions which indicated a conduc-
tive zone at a depth of 500 meters which beca'me more resis‘tive to the north-east. A
10 Ohm-m contact‘v.vith this conductor which was consistent with the aboye interpreta-
tion was provided by the two-dimensional profile inversion presenté;d in Figure
5.23(b). The relative posiiion of these anomalous iones was also indicated by the

~ induction arrows for band 1 in Figure 5.10.

The next near éurface conductor detected was probably associated with the
saturated pyroclastic flows which have accumulated on the south flank of Mount
‘Hood. vThis zone is indicated by the stippled area near Tirriberlirie Lodge iabeled as 10
Ohm-m. The conductor wés detected tiy electromagnetic loop si)undings and has
estimated depths of 300-700 ‘meters. These results were supported by one-
dimensional magnetotelluric inversions. The distortion characteristics of the appaient

resistivities in this area indicated that this shallow conductor covered a more resistive
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Figure 5.39 The composite conductivity model for Mount Hood.
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zone. The model Wthh mimicked the field observations "best" is shown in ﬁgure 5.6.

The next zone localized was the near surface resistive body mdicated by the stip-
pled zone south east of Mount Hood labeled 1000 Ohm -m. This body was indicated
by the distortion of the apparent resrstlvrtres and by the induction arrows m band 1.

These results are _provrded in Figures 5.7 and 5.10.

’i"he area west of Mount Hood enclosed in the region labeled 1000 Ohm-m was
indicated as a resistive zone by the induction arrows in band 1 calculated from data in
the Old Maid_Flat array. The one-dimensional inversions of the impedance element
.associated with an eleotric field orientation of north 70 degrees east, supplemented by
well logs from a 1.2 kilometer drill-hole, indicated a resistive region near surface. The
two dimensmnal mverswn along the proﬁle between Old Maid Flat and Cloud Cap,
Figure 5 23 (b) also mdrcated a resistor in this area whlch extended to a depth of 14
krlometers The mduction arrows in band 4 shown in ﬁgure 5.11 and the 1mpedance

parameter distortions in Frgures 5. 7(a) and 5.19 all mdicate that the resistive zone

probably covers an area mdicated by the tick marks.

This resistive structure, _which may be associated with’a Pliocene intrusive, dom-
inates muchof the near surface and intermediate depth conductivity distribution. The
two- drmensronal proﬁle inversion 1nd1cated that a conductive zone ata depth of 4 or$
4kilometers was adjacent to the north eastern edge of the large zone of low conduc-
tivity. The depth to this conductor c01nc1des with the estimated depth of the lateral
conductivity variations which provide the induction arrows in band' 4. The arrotvs out-
line the north and eastern boundary of the resistor. This large resistive structure
characterized by low porosity‘ would control the local hydrology. The conductor at a
depth of 4-5 kilometers may represent meteoric water confined to the north-east side
of this structure and which rnay be circulating around the warm conduit of Mount

Hood.
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The last feature indicated on Figure 5.39 is the conductor buried at a depth of
10-15 kilometers and indicated by the cross hatched area labeled 1-3 Ohm-m. The

strike of this structure was established using the impedance phase as shown in Figure
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5.19. The two-dimensional profile inversion provided the dimensions and conduc-

tivity. The mismatch between the model TE phase and the field data in the low ffe-
quency range was considered to be an artifact of the finite strike of thé body. How-
ever the results of the multibody two-dimensional simulation provided in the last sec-
tion indicated that the mismatch could be resolved by providing the appropriaie con-
ductivity distfibution at depths below 50 kilometers. The parameters of this deep
north-south striking conductor are not well defined since the data set were cohﬁnéd to

a small spatial window over the conductor.

Finally, the induction arrow and tibper phase responses observed between 0.01-

0.001 hertz indicate the existence of a conductor at a depth in excess of 50 kilbmeteré |

with a local east-west strike. The existence of this structure is based on a prediction of

the phase response at 0.0001 hertz from a projection of the data in the frequelricy band
LI : R

of 0.01-0.001 hertz.

The validity of this highly spéculafive model will be known when édditidnél data
are acquired in this région of the Céscades. The rhost important constraints which
must be relaxed are'the limits on the spatial .and frequenéy windows. More data must
be acquired in the region surrounding Mount Hood‘ and some of these data must be

acquired to at least 0.0001 hertz.



Chapter 6

The End of the Quest

[I] The Conductivity Model in
Relation to Other Geophysical

Information

The conductivity model developed in the last chapter Qas bas}cd on the interpréta—
tion of magnetotelluric-remote telluric data supplemented by_ three electromagnetic
loop soundings with modél constraints provided by shallow bore-hole information and
regional heat flow mea;suréments. This model resulted from only one aspect of a mul-
A tidisciplinary exploration effort at Mount Hood. Geochemical studies by White (1980)
and a det_ailed geologic-investigatidn by Crandell provided‘ additional information asso-
ciated with the recent yolcanism, _extending the earlier detailed examipatioh of_ the
geology and petrology of this Cascade volcano by Wise (1969). R‘e_gional’geolo‘gical
studies supplemented by Landsat, side-looking radar and i_nfrared measurements were
‘used to understand the surface structural features and the thermal manifestations at
Mount Hood by Williams, Hull, Ackermann and Beeson (1982); and Friedman, Willi-
ams and Frank (1982). Aeromagnetic data by Flanagan and Williams (1982) and grav-
'ity measurements by Couch and Gemperle (1979) provided detailed potential field
information in the immediate vicinity of Mount Hood. The regional gravity has been
presented by Couch, Pitts, Braman and Gemperle (1981), and the re_:gional éeromag-
netiés are currently being acquired and processed. A 16-station seismic network was
established in the vicinity of Mount Hood to study local earthquake Va.ctivity and to

provide a ‘means of understanding the seismic velocity structure under the volcano.
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The résults of this study were presented by Weaver, Green and Iyer (1982). Addi-
tional information about the near sprface properties were obtained by means of a
refraction survey by Kohler, Healy and Wegener (1982). These various geophysical
techniques provided a great deal of indirect information pertaining to the physical pro-
perties which characterized the region in the vicinity of the composite conductivity

model. The data from some of the above techniques were compared to this model

and a correlation was observed between the inferred electrical conductivities, the

seismic velocities and the regional Bouguer gravity anomalies.

The aeromagnetic data were acquired in the vicinity of Mount Hood by Flanagan
and Williams (1982). These data were reduced to the pole and' upward continued to
4,267 meters. The smoothed response provided a dominant low of -257 vnano-tesla
'located"south-v‘vest of Mount Hood in the vicinity of some silicic intrusives. This mag-
netic low was attributed to the porphyritic quartz diorite to quarti monzonite
intrusives which have relatively low magnetization as compared to basalts and
andesites; the dominant rock types in the area. The low coincided with the location of
the large resistive body extending from near surface to 10-15 kilometers depth. This
represented the only cofrelation observed between the model components and these
data. _ On a larger scale, the aeromagnetic data should provide an indication of a shal-
low Curie depth corresponding to the elongaté conductor buried & dehth of 10-15
kilometers since this conductor probably represents a partial melt zone in the lower
crust. However, this regional data is only now being acquired and this most important

comparison cannot be made.

The local gravity measurements'were acquired and pfocessed to provide a com-
plete Bouguer gravity anomaly map of Mount Hood. A summary of the work by
Couch and Gemperle (1979) related to the acquisition, processing and interpretation
of these data follows. The data were initially reduced using a 2.67 gm/cc/density. This

provided an anomaly distribution characterized by a north-south low which was closed
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to the north .and broadened into an east-west feafure south of Mount Hood. The
above density provided little topographic co‘i‘relaﬁon east of Mount Hood indicating
that this was an appropriate density for the near surface rock in this area. However, a
detailed study indicated that a density of 2.27 gm/cc was required to minimize the
correlation between the anomalies and the topography throughou‘t most of the survey
area. The mihimum was broad indicating the presence of a wide range of near surface
dénsities. An interpretation of the anomalies obtained by using the 2.27 gm/cc reduc-
tion density indicated that Mount Hood may be located in a north-south graben struc-
ture bounded by prominent faults on the east side.’ Lineations were .observed with

orientations of north 85 degree east and north 23 degrees west. These data were spa-

tial filtered at 8.1 and 13. km/cycle and the anomaly maps for the data above and-

below these spatial frequencies were presented. The resulting smoothed anomaly

maps indicated no direct correlation with any of the conductivity model parémeters.

The regional gravity data (state of Oregon) were presented by Couch, Pitts and
Braman (1981) as a complete Bo\uguer anomaly map using a reduction density of 2.67
gm/cc. A portion of this anomaly majp in thé vicinity of Mount Hood is shown in Fig-
ure 6.1. The electrical conductivity model represented by the elongate conductor
buried at a depth of 10-15 kilbmeters and the overlying large resistive zone .are indi-
cated by the stippled region on this figure. The correlafion between the buried con-
ductor striking north 20 degrees west and the broad lov'v in the anomaly map is cleafly
evident. The characteristics of this gravity anomaly are similar to those observed in
the small scale study by Couch and Gemperle (1979) using the same reduction den-
sity. The anomaious low cIoses to the north and is open to the south of Mount Hood.
This would indicate that if the buried conductor is related to the north-south low in
the aqomalous gravity data then a finite strike would be exbected. -The east-west trend
in the anomalous graVitational field south of the volcano ma;r be related to the local

east-west conductivity variations below a depth of 50 kilometers implied by the low
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Figure 6.1
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The model components consisting of the elongate conductor buried at
10.-15. kilometers with the large resistive body which extends from near
surface to.intermediate depths of 10.-15. kilometers indicated by the stip-
pled region are superimposed on the complete Bouguer gravity anomaly
map by Couch, Pitts, Braman and Gemperle (1981) with a 2.67 gm/cc

" reduction density used.



/
frequency tipper ppase variations.

A teleseismic P wave delay study was undertaken in 1977 at Mount Hood by the
U.S. Geological Survey. A 16 site seismic array spread over a 40 by 50 kilometer
region around the volcanic peak was in operation for 13 months. The results of this

investigation were presented by Weaver, Green and Iyer (1982).

Throughout this period of operation, only 10 local earthquakes were recorded.

All of these were located at shallow depths of less than 15 kilometers under the slopes

of Mount Hood. The fault plane solutions for 8 of the earthquakes indicated strike-

slip faulting and one event implied a normal fault mechanism. All strike-slip fault

plane solutions indicated a north-northwest strike direction. This direction
’ . 1

corresponds roughly to the principal direction of the impedance tensor based on the

maximum residual phase in band 4 of the magnetotelluric data.

The teleseismic data consisted of 55 events with three dominant azimuths of
approach. These seismic data were rgduced to relative residuals-by subtracting ‘the
network average fromv the calculafed residual at each measurement location. These
relati_ve residuals were calculated for each of the three ranges of source azimuths. The
resulting spatiél bdistribution indicated that most of the residuals were independent of
the azimuth of approach. The residuals were then averaged over all azimuths and

some correlation was observed with station elevation. These topographic effects were

removed through the use of a simple linear regression analysis.

,The, average fesiduals corrected . for topography 'aré shown »in Figui'e,6.2 The
large negative‘ residuals indicate regions of relatively high velocity material and the
positivg residuals are associated with low velocity zones. This velocity distribution was
interpretated aé being caused by variations in thé near surface rock properties.

The irregular black areas in this figure indicate the locations of Pliocene intrusives

and andesitic plugs as mapped by Wise (1969). The large black region south-west of

Mount Hood near the -0.2 second P wave residual contour represénts the silicic
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The model components consisting of the elongate conductor buried at
10.-15. kilometers with the large resistive body which extends from near
surface to intermediate depths of 10.-15.kilometers indicated by the stip-
pled region are superimposed on the P wave residual data by Weaver,
Green and Iyer (1982) averaged over three source polarizations and
corrected for topographic effects. The irregularly shaped black areas
represent Pliocene intrusives and andesitic plugs indicated by Wise

(1969).
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intrusives which cofrelated with the large magnetic low. This zone: of high velocity
indicated by the negative residuals coincides with the large shailow resistive com-
ponent of the electrical conductivity model. This component of the model is shown as
part of the stippled area in Figure 6.2. The second component of the model also
signified by the stippling is the elongate conductor buried beneath the resistive body.
_ Thé residual data exhibits no correlation with this deep conductor.. This indicates that
the inferred Pliocene intrusive which greatly affects the appérent resistivities and the
complex tipper components in the vicinity of the volcanic peak may also dominate fhe

velocity structure in this area as indicated by the teleseismic residuals.

If the high seismic velocities are associated with the same fnedia characterized by
high resistivities, then based on the model presented in the last chapter, the high velo-
cities may extend to depths of 10-15 kilometers and have comblex lateral variations.
With this kind of upper crustal velocity distribution, it would be difficult to distinguish
those components of the velocity variations due to a confined partial melt zone
represented‘ by the deep elongate conductor in the conductivity model. This type of
complex near surface velocity environment may explain why P wave residual studies
have not been successful in locating low velocity zones beneath Cascade volcanos

associated with high heat flow and recent volcanic activity. |

. The absence of any indication of a low velocity zone under the Cascade volcanos
has been considered by Iyer, Rite and Green (1982). These investigators mdved from
the local studies such as at Mount Hood and. Newberrf Crater to a regional scale cov-
ering the entire Casc;lde range in Oregon to resolve the enigma presented by the pres-
ence of local geothermal resources but the absence of an associated low velocity zone.
The results obtained by a three-dimensional parameterized inversion of the regional

teleseismic data indicated a complex velocity structure in the northern Oregon Cas-

cades within the upper 20 kilometers of the crust. The velocity structure in central

and southern Oregon indicated an inclined boundary dipping to the east between high
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and low velocities which may indicate a subduction zone. The inversion model was
characterized by relatively low velocity material under the entire high Cascade region.
This was interpretated as an indication of the existence of low-density high-
temperature rock at depth. Perhaps this low velocity zone at depth is related to the
conductivity variations indicated by the long period va;iations of the tipper phase

A

response.

In addition to the teleseismic data, a large scale refraction study was undertakén
at Mount Hood by Kohler, Healy and Wegener (1982). The refraction survey was car-
ried out using 6 shot-pbints and two sets of 100 receiver locations over an area of 60
to 70 square kilometers. The data wére interpreted by dividing the travel time data
into three sections for source receiver separations of 4.-19.7, 19.7-40. and distances
greater than 40. kilometers. In order to oi)tain a relative velocity distributidn, a time

term analysis was appled to each section of the travel time data.

‘The time term analysis is baSically'a lbeast square - fit of _'the entire data set-to a sim-
ple model for each source receiver pair which provides one unknown for the travel
time from fhe source to the refractor, a second unknown is the velocity of the refrac-
tor and the third unknown is the travel time from the refractor to the receiver. The
time term value at any'receiver'will be related to the time required for the seismic sig-
nal to travel from the refractor to the surface for all sik shot-points and will therefore

be averaged over several different azimuths.

The time term solution for a source receiver separation range of 19.7-40. kilome-
ters is shown in Figure 6.3. The lower time term values indicate regions characterized
by relatively high velocities. The t\lvo components of the conductivity model, indicated
by the stippled areas as ‘before are superimposed on these data in this figure. The
Pliocene intrusives are again depicted by the black regions. The near surface rhedia is
clearly characterized high velocities and high resistivities in the vicinity of these silicic

-’

intrusives. The detailed distribution of these near surface velocities as indicated by
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Figure 6.3

10.-15. kilometers with the large resistive body which extends.from near
surface to intermediate depths of 10.-15. kilometers indicated by the stip-
pled region are superimposed on the time term data by Kohler, Healy
and Wagner (1982) for source receiver separations of 19.7-40. kilome-
ters. The irregularly shaped black areas represent Pliocene intrusives and
andesitic plugs indicated by Wise (1969). .



both the teleseismic residuals and the_ time term analysis indicate an extraordinary
degree of correlation with the large resistive body indicated by the magnetotelluric and

geomagnetic data.

The fumaroles in the vicinity of Crater Rock on the summit of Mount Hood
represent the major thermal manifestation in the region. A shallow. temperature probe
traverse across this fumarole field and a regional aerial infrared survey were used by
Friedman; Williams and Frank (1982) to estimate the heat discharge from the thermal
sources in the area. The volume and frequency of recent volcanic eruptions as
estimated by Crandell (1980) and others have provided.a means .to,gauge the available
residual heat ffom past volcanic activity. These estimates indicated that the cooling
dacitic plug on the summit would not have been ablé to provide the preseht heat flux
observed. This suggested to these investigators that the furﬁarole activity is primary
and is due to a deep heat source. The heat transfer mechanism was postulated to be
convectivé in nature with hydrothermal fluids transporting the heaf through fractures

around the margin of the plug dome.
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The existence of a deep seated convective system associated with the conduit’

‘ imder Mount Hood provides a convenient source for the anomalous conductivities at
depths of 4-5 kilometers indicated in this vicinity by both the magnetotelluric and
tipper freqilency responses. The induction arrows in band 4 and the two-dimensional
model which provided a reasonable fit to the magnetotelluric data along the profile
presented in Chapter 5 both indicated a high lateral contrast in conductivity located in
‘the \}icinity of the north-east and eastern boundary of the large neaf surface resistive
region. This body delineated by both the electrical and seismic da£a probably
represents an impermeable zone which controls the local hydrology and thus limits the
lateral extent of any hydrothermal system existing under Mount Hood. This would
create an environment around the edges of the Pliocene intrusive characterized by hot

saturated rock which would be expected to exhibit elevated conductivities.
!
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The last but not least consideration is the feasibility of the conductivity model in
relation to an appropriate petrogenetic model for this tectonic setting. The tectonic
model chosen by Iyer, Rite and Green (1982) to satisfy their seismic interpretation
was a marginal basin behind an island arc. This type of setting although not com- -~

pletely appropriate of the Cascades is associated with calc-alkaline volcanism which

characterizes the north-western United States.

The petrogenetic models may be quite complex as indicated by Hildreth (1981).
"The fractionation ofn magma occurs over large ranges of both depth and time. This
» may result in magma residing at multilevels within a subsurface volcanic column at the
same time. A simplified form _of this complex depth-temperature envirohmént
expected in the v'icinity o_f a subduction zone is shown in Figure 6.4. This figure is

from Wyllie (1981) with the Moho depth adjusted to 25 kilometers.

The thickness of the crust was chosen to be 25 kilometers based on seismic evi-
dence on fﬁe east and west sides of the Cascades. A long refraction profile by Hill
(1972) provided a estimate for the crustal thickness of 25 kilometers under the
Cblumbia River Plateau of south-eastern Washington and north-eastérp Oregon. The
P wave conversion studies by Langston (1981) provided a depth of 20 kilometers to
the Moho in ﬁorthwestern Oregon. ‘This evidence coupled with the change in vOlcan-
ism discussed in Chapter 1 indicated a relatively thin crust may be expected in the

vicinity of Mount Hood.

The depth-temperature ranges indicated in this “figure for metambrphism and
magma generation in the crust is based on ihe availability of aciueous pore fluids. The ‘
inferred Cascade geotherin shown in this figure for shallow depths is based on an
‘extrapolation of the surface heat flow measurements at Mount Hood by Blackwell and
Steele (1979). The asymptotic limit of the geotherm at depth was taken from

Oxburgh (1980).
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Figure 6.4 Depth-temperature ranges for metamorphism and magma generation in
the continental crust and mantle by Wyllie (1981) with an adjusted Moho
depth. The inferred Cascade geotherm with estimates at shallow depths
based on an extrapolation of surface thermal gradients of 60 C/km from
Blackwell and Steele (1979). The asymptotic limit of the geotherm at
depth was from Oxburgh (1980).



- An examination of the geotherm in this figure indicates that the depth at which
partial melt could occur would be approximately 12 kilometers and that a significant
portion of melt would be expected before a solid phase is en‘tered at the mantle boun-
Vdary. This large percentage of melt would indicate the existence of high conductivitiesv
~ in the depth range- of 12-25 kilometers. The solid phase on entering the mantle would
provide‘ a resistive metlia at depth. The geotherm would'again at approximately'45
kilometers enter a region where partial melting could occur with the availability of
water and‘ carbon dioxide. “This would provide a conductive zone at a depth in excess

of 45 kilometers. |

This simple model indicates that at least the existence of a partial melt zone
between 12 and 25 kilometers and again at 50 kilometers is feasible. with a simple
petrogenetic model. Therefore the high model conductivities in these depth ranges are
reaso_nable for a tectonic environment characterized by surface heat ﬂow measure-

.ments such as those observed at Mount Hood.

In summary the conductivity model appears to be‘ feasible vi'ith respect to the
| petrogenetic mociels approoriate f_or this setting. The other geophysical data available
however provides very little support of any of the mo_del components with exeeption
of the large resistiye body located sonth and southwest of Mount Hood. The high
degree of correlation evident between the seismic data and the details of the resistive
component of the conductivity. motiel indicated that these high resistivities and high
velocities delineate the same geologic struoture which is probably a large Pliocene

intrusive.
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[II] Conclusions

The resuits obtained from the magnetotelluric data at Mount Hood were mixed.
The impedarice and the complex tipper .transfer functior{s calculated from these data
provided beautifully intricate spectral characteristics which both confounded and
inspired the interpretation éttempts. The elusive magma',chamber, the object of our
search is probably associated with the elongate conductor buried 12 kiiometers with a
depth extent of approximately 10 kilometers. This conductor hoWever is not alone. It
is located below two conductive zones -buried at depths of 0.‘5 and 5. kiloﬁefers and
above a condﬁctive region located at depths below 50 kilometers. The relationship
between this model and the true conductivity of the earth is certainly open to ques-
tion. The small ‘spatial énd frequency window through which one may peer into the

depths provides many ambiguities.

The validity of this model may only be tested by the acquisition of additional data
~ throughout north-central Oregon and south-central Washington with some data
acquired to .0001 hertz. Care .should be exercised when acquiring this data, since
magnetoteiluric data acquired at large site separations will be affected by different near
surface environments and would not provide sufficient information to evalhaté these
affects. The data acquisiiion scheme used here, with four to five measurement loca-
tions'divstributed as an array with 2-5 kilometer separations between sites is requ-

mended to provide sufficient local control to obtain a qualitative understanding of the

near surface conductivity distribution.

These data with their rich spectral content provided a number of hints in regard
to the relationship between the various measurement parameters. There are two
points indicated by these data which may prove to be quite useful in other complex
eﬁviro‘nments. The first is associated with the advantages of relying on the impedance

phase response characteristics as a function of coordinate rotation to provide a means
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of obtaining an accurate indication of deep conductors when the impedance amplitudes

are greatly distorted by near surface conductivity distributions. A second useful but

183

well disguised hint suggested that the relative sensitivities between the impedance and

tipper parameters were quite different with tipper components providing the highest

resolution.

The important property associated with the impedance phase is that its frequency
response associated with near surface inhomogeneities is band limited. That is, the
high frequency portion of the phase spectra responds to a near surface conductor but
the phase returns to the half space response at low frequencies. The impedance ampli-
tude or the apparent resistivities on the other hand are distorted in a broad-band

.sense. They respond at higher frequencies to surface .conductors but instead of
asymptoting to the half space value they remain distorted into the D.C. limit. Thié
broad-band distortion will dominate the principal direction calcrllated by maximizing
the off-diagonal impedance tensor elements at each frequency. This provides a princi-
pal direction which is nearly independent of frequency when the near surface conduc-

i

tors create a highly polarized electric field.

If a target happens to be buried beneath this surface conductor the impedance
amplitude distortions caused by the deep conductor would be only a minor component
of the total. low vfrequency response. The surface distribution would therefore dom-
inate the choice of the principal direction. A deep target characterized by a significant
strike length would provide a narrow band impedance phase response in the lower fre-
quency range associated with primary electric field oriented parallel to str»ikc,. This

phase response may dominate the low frequency band _since the effects from the sur-

face body should be approaching the half space value when there exists a sufficient

depth separation between the near surface conductor and buried target.

An indication of the location and strike direction of this target may then be

obtained when the impedance estimates are rotated into the principal direction based



on a maximum phase response in the appropriate low frequency band. If the principal
direction wére chosen in the standard manner by simply maximizing the off-diagonal
elements of the impedance tensor when the near surface conductivity distribution is
such that the surface fields are polarized at approximately 45 degrees with respect to
the strike of the underlying target then the diagnostic frequency characteristics would
not be evident and the target would be missed. The residual phase defined in Chapter
5 provides a simple vehicle to search for these diagnosfic phase.characteristics and pro-

vide an estimate of the strike direction for targets buried at depth.

The utility of this method is strongly dependent on the depth: separations
required to obtain a reasonable separation of the responses in the frequency domain
‘caused by the two conductors. This important relationship could not be investigated
here since the near surface bodies are generally three-dimensional in nature and the
three-dimensional modeling technique available was unable to simulate the appropriate
conductivity distributions. This however would be a very interesting area for future

research. -

The second interesting feature in this data was related tc the observed sensitivity
differences between the various impedance and complex tipper parameters. This study
did not provide a comprehensive comparison of the relative resolution of these time
independent field measures. However, the field data and models considered did indi-
cate that the tipper frequency response was more sensitive to the effects of complex

geometries and multiconductors than the impedance parameters. &

The slower frequency response of the impedance functions will probably provide
parameters which may be simulated adequately with simpler models than those
required to match the rapidly varying frequency characteristics of the tipper functions.
This high sensitivity endows the tipper parameters with the ability to detect many
details in a conductivity distribution which would remain undetected by the slower

response of the impedance parameters. This enhanced sensitivity may create
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confusion in a complex environment as indicated by the rapid spatial variations
observed in the imaginary tipper component over the multiconductor three-

dimensional model presented in Chapter 5.

The importance of considering these relafivg sensitivities is paramount for a suc-
cessful interpretation of magnetotelluric énd tipper data in"a complex geolpgical set-
ting. When thesé data appear to indicaie differe'nt cdndﬁétivity distfibuti‘ons; this may
simply indicate the différing sensi'tivi}ies of these various measurement param’eters to
different conductivity components. Irriproved modeling Vtechniql.xes are ,réduired to
adequately understand fhe cbmpl'ex'relationship between these parameters. This study
however indicates that the iihpedaﬁce and tippe,r} parameters‘ may provide co.mplimen-

tary measures of the subsurface properties in a multiconductor environment.
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Appendix A

Field Data as a Function of

Frequency and Rotation Angle

The impedanceb and geomagnetic parameters for the field data are provided for
each measurement location. The impedance phases and apparent resistivities which
correspond 'fo the off-diagonal tensor elements arevr-otated into the principal dir}ection
defined by the maximization of these off-diagonal elements at each freqilency. The
principal direction associated with_, the Z,, element which corresponds to the x’
_ directed electric ﬁeld is provided by the angle of rotation from the reference coordi-

nate system with x directed north (positive angles of rotation are clockwise with

191

respect to north). The geomagnetic transfer function or tipper components are rotated

into that direction which maximizes the T, component. This complex component is
provided in this appendix in the form of arhplitude and phase. The strike direction,
indicated by the tipper coordinate rotation angle with respect to the reference coordi-

nate system with x Qirected north, is provided.
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Appendix B

Field Data as a Function of
Frequency at a Constant Rotation

Angle of -20 Degrees

The impedance parameters for the field data’ ére_provided for each measurement
location. The ifnpedance phasés and apparent resistivities Which”correspond to the
o oﬂ'—diagonal tensor elements are rotated into the principal direction at all frequencies
deﬁned by the maximum residual phase in band 4. This- residual phasé maximum
averaged over all mgasurement locations provided a coordinate rotation angle of -20

degrees (north. 20 de;grees'w'est).
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Appendix C

Polar Diagrams of the Field Data

A complete set of polar diagrams of the field data for the Z,, , Z,, and Ty
parameters averaged over each of the five frequency bands defined in Chapter 5 are
presented. The phase diagrams for Z,, are for the residual phase, all other phase

diagrams are for un-normalized phase values.
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Appendix D

~ Polar Diagrams of the

Three?Dimensional Model Resul_ts

This appendix provides a catalogue of polar diagrams for some of the three-

dimensional model results used in this study.
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AVERAGED FREQS. IN RANGE OF .02 M2.
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AVERAGED FREQS. IN RANGE OF 0.1 M.
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AVERAGED FREQS. IN RANGE O